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3 
DISSERTATION ABSTRACT 1 
  2 
My dissertation investigates the demographic history of multiple island populations of 3 
several Caribbean bird species through an assessment of contemporary genetic diversity, 4 
while inferring relationships between the comparative demography of individual island 5 
populations and characteristics of the islands and species. The sizes and distributions of 6 
populations vary over time, and episodes of expansion and contraction create 7 
characteristic patterns of genetic variation within and among populations. Consequently, 8 
contemporary patterns of genetic diversity open a window onto demographic and 9 
phylogeographic history. The strength of the study lies in the scale and 10 
comprehensiveness of the analysis, encompassing most of the West Indian islands and 11 
several species of birds, focusing on populations of 9 species. Methods included 12 
amplification and sequencing of mitochondrial DNA, calculation of pairwise genetic 13 
distances between and within populations, and coalescence-based estimates of past 14 
population sizes.  15 
I begin my investigation into the demographic and phylogeographic patterns of West 16 
Indian birds with an in-depth analysis of genetic patterns of a clade of tanagers, the 17 
Coerebinae, specifically the bananaquit and a group of three species of West Indian 18 
bullfinches, as models for investigating the system. These species showed several 19 
similarities in their genetic distribution in the archipelago and demographic patterns, 20 
which led me to a comparison of several other species to investigate whether general 21 
phylogeographic and demographic patterns emerge in an assemblage of birds from the 22 
West Indies. Comparative phylogeographic analyses suggest three conspicuous patterns 23 
 
 
 
4 
among West Indian birds: 1) populations on Greater Antillean islands are generally 24 
distinct from Lesser Antilles, 2) a common phylogeographic break occurs in most species 25 
between northern and southern Lesser Antilles populations, particularly between the 26 
islands of St. Lucia and St. Vincent, and 3) populations on Barbados are genetically 27 
distinct from others in the Lesser Antilles. Demographic trends revealed by coalescence 28 
analyses of contemporary genetic diversity are highly variable. Island is not predictive of 29 
demographic state of populations, while species identity predicts the demographic history 30 
of the West Indian avifauna, indicating that extrinsic factors such as hurricanes, volcanic 31 
eruptions, or the localized emergence of diseases do not play a major role in demographic 32 
history of West Indian avifauna.  33 
 34 
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CHAPTER 1 47 
 48 
Original Article 49 
DEMOGRAPHIC CHANGES ASSOCIATED WITH TAXON CYCLE PHASES 50 
OF THE BANANAQUIT, COEREBA FLAVEOLA, IN THE WEST INDIES. 51 
Maria W. Pil1*, Rebeka Fanti2 and Robert E. Ricklefs1. 52 
 53 
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 64 
ABSTRACT 65 
Aim The sizes and distributions of populations vary over time, and episodes of expansion 66 
and contraction create characteristic patterns of genetic variation within and among 67 
populations. Consequently, contemporary patterns of genetic diversity offer a window 68 
onto demographic history. Here, we employ population-genetics approaches to infer the 69 
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demographic history of the bananaquit, Coereba flaveola (Aves: Thraupidae), in the West 70 
Indies.  71 
Location The West Indian archipelago.  72 
Methods We analyzed genetic variation in two mitochondrial genes (cytochrome b and 73 
NADH subunit 2) for 562 individuals from 20 islands and two continental South 74 
American populations. Tajima’s D, Fu’s FS, Mismatch Distributions, and Bayesian 75 
skyline plots were calculated as indicators of population change, supplemented by 76 
signature shapes in haplotype networks. The latter, as well as rooted Maximum 77 
Likelihood and Bayesian phylogenies, and a Bayesian analysis of population structure, 78 
were used to infer relationships among populations. 79 
Results Greater Antillean islands to the west of Hispaniola (Jamaica and the Cayman 80 
Islands) and the southernmost Lesser Antillean islands of Saint Vincent and Grenada 81 
show evidence of stable populations, whereas the populations in the northern Lesser 82 
Antilles, Puerto Rico, and Hispaniola show clear signs of expansion. 83 
Main conclusion Based on the bananaquit phylogeny, expansion signatures, and 84 
geography of the eastern Antillean islands, we infer that the bananaquit colonized the 85 
Lesser Antilles from Puerto Rico but that the species has recently re-expanded across the 86 
northern Lesser Antilles, creating independent phylogenetic groups on Puerto Rico, Saint 87 
Vincent and Grenada (SV/GR), and the northern Lesser Antilles. These demographic 88 
patterns of expansion, contraction, and re-expansion may characterize taxon-cycle phases 89 
of the species in the archipelago.  90 
Keywords  91 
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colonization, demographic history, dispersal, haplotype network, island 92 
biogeography, phylogeography, population size. 93 
 94 
INTRODUCTION 95 
Over fifty years ago, E. O. Wilson introduced the concept of the taxon cycle 96 
based on patterns of ant species distributions in the islands of Southeast Asia and 97 
Melanesia. The taxon cycle involves sequential phases of expansion and contraction of 98 
the geographic range of a species, associated with shifts in habitat distribution and 99 
population abundance, and ultimately leading to extinction of some island populations 100 
(Wilson, 1959; 1961). In the 1970’s, R. E. Ricklefs and G. W. Cox also inferred that 101 
patterns of distribution and taxonomic differentiation of bird species in the West Indies 102 
represented a time series from initial colonization and range expansion to localized 103 
extinctions and contraction of geographic ranges, with possible re-expansion from 104 
isolated populations. Recently expanded distributions were associated with large local 105 
populations and broad habitat distributions, linking geography, ecology, and demography 106 
(Ricklefs & Cox, 1972; 1977; 1978).  107 
 Both Wilson’s and Ricklefs and Cox’s insights came from natural history 108 
observations of contemporary patterns of species occurrences. However, the dynamics of 109 
taxon cycles are too slow to observe directly, and one must use indirect approaches to 110 
follow populations through complete taxon cycles (Ricklefs, 2012). Fortunately, 111 
population expansion and decline leave predictable signatures in DNA sequence diversity 112 
because neutral alleles are lost faster by drift in smaller populations. Populations that 113 
experience long-term stability typically exhibit substantial genetic diversity (Harpending, 114 
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1994). Prolonged population bottlenecks reduce genetic diversity and estimated effective 115 
population size, while rapid population growth following a bottleneck results in 116 
accumulation of clusters of haplotypes differing by one or a few recent nucleotide 117 
substitutions (Harpending, 1994). Accordingly, contemporary patterns of genetic 118 
diversity reveal much about the demographic history of a population.  119 
Genetic data can help us infer the relationship between historical demography, as 120 
perceived in single island populations, and taxon cycles inferred from geographic 121 
distribution and genetic differentiation between island populations. Geographic 122 
expansion and contraction of populations can be associated with shifts in ecological 123 
distribution and changes in population size through time. Therefore, taxon-cycle 124 
dynamics are relevant to a number of issues in biogeography, including response to 125 
climate change, vulnerability to extinction, and control of invasive species (Ricklefs & 126 
Cox, 1978; Whittaker, 1998). 127 
 Studies on islands have contributed much to the development of evolutionary 128 
theory, and islands are often considered natural laboratories (Losos & Ricklefs, 2009). 129 
The main advantage of studying population processes on islands compared to continental 130 
regions is that species are subdivided into geographically discrete populations on 131 
individual islands separated by conspicuous barriers to dispersal (Losos & Ricklefs, 132 
2009). The West Indies, which are the setting for this analysis, include the Greater and 133 
Lesser Antilles (Fig. 1). The latter were formed as a volcanic arc over the edge of the 134 
eastern Caribbean Plate; the Greater Antilles are continental fragments dragged to their 135 
present positions by plate movements within the region (Iturralde-Vinent & MacPhee, 136 
1999). Inhabited islands in the archipelago range in size from ~110,000 km2 (Cuba) to 137 
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~13 km2 (Saba). The contemporary volcanic islands probably originated within the past 138 
20 million years (Ricklefs & Bermingham, 2008). During the last century, volcanic 139 
eruptions have occurred on the islands of Montserrat (since 1995), Guadeloupe (1977), 140 
Martinique (1932), and Saint Vincent (1979). The islands have never had direct land 141 
connections to the continent or with each other, except for the islands of Saint Kitts-142 
Nevis, Antigua-Barbuda, and Grenada-Grenadines, which sit on shallow banks exposed 143 
during Pleistocene sea-level lows (Williams, 1969). 144 
 One of the most common bird species in the West Indies is the bananaquit 145 
(Coereba flaveola), which also occurs in tropical America from southern Mexico to 146 
northern Argentina. This species belongs to the subfamily Coerebinae of the tanager 147 
family Thraupidae, with unresolved relationship to other tanagers, which diversified 148 
within the West Indies and is the ultimate source of the Darwin finches of the Galapagos 149 
Archipelago (Mallarino et al., 2012). In the West Indies, the bananaquit, which is the 150 
earliest diverging species in its clade, is abundant on all islands except Cuba, where it is a 151 
vagrant on small cays off the northern coast (Raffaele et al., 2010). Previous 152 
phylogeographic analyses based on mitochondrial and nuclear DNA sequences suggest 153 
that the bananaquit initially diversified in the Greater Antilles or Bahamas between 1.75 154 
and 3.99 million years ago (Seutin et al., 1994; Bellemain & Ricklefs, 2008). According 155 
to Bellemain et al. (2008), the continental and Lesser Antillean populations were derived 156 
from the Greater Antilles, and populations at the far south of the Lesser Antilles 157 
archipelago (Saint Vincent and Grenada) are differentiated from those on the rest of the 158 
islands in the Lesser Antilles.  159 
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 Here, we analyze long-term demographic changes in several island populations of 160 
the bananaquit. Our main goal is to characterize the relationship between inferred phases 161 
of the taxon cycle and population dynamics. To ascertain the dynamics of bananaquit 162 
populations we have two specific objectives: 1) discern genetic parameters of variability 163 
and structure within and between populations of bananaquits on islands of the West 164 
Indian archipelago, and 2) infer the demographic dynamics of these populations through 165 
mitochondrial DNA sequencing. We predict that individual island populations of C. 166 
flaveola will exhibit genetic indicators of population expansion if they are in an 167 
expanding phase of the taxon cycle (widespread and undifferentiated).  168 
Our results are consistent with the predicted relationship between geographic and 169 
population expansion: phylogeographically older populations show signs of demographic 170 
stability with highly differentiated mitochondrial haplotypes, whereas more recently 171 
colonized island populations in the northern Lesser Antilles exhibit less haplotype 172 
divergence with indications of demographic expansion. We also find evidence of 173 
population pulses, where differentiated mtDNA haplotypes found in several recently 174 
colonized islands may indicate the presence of individual remnants of older resident 175 
populations, different from the one currently found on these islands.  176 
 177 
MATERIALS AND METHODS 178 
Sampling and molecular methods 179 
 Blood was collected from 541 individuals on 20 islands of the West Indies (up to 180 
34 individuals per island; see Appendix S1 in Supporting Information), and two 181 
continental populations: Trinidad (an island connected during Pleistocene low sea levels 182 
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by a land-bridge to Venezuela, 11 km distant), and northern Venezuela. We sampled two 183 
populations on Puerto Rico, one high-elevation population in the northeast of the island, 184 
in the wet El Yunque forest, and another in the dry Guanica Forest on the southwestern 185 
coast (Fig. 1). For island coordinates see Appendix S1 in Supporting Information. 186 
Throughout the manuscript, islands names are sometimes abbreviated as per the 187 
acronyms found in Table 1. Sampling took place between 1991 and 2013, generally 188 
between April and August. Field methods, including avian blood collection, are described 189 
in Latta and Ricklefs (2010). DNA was extracted from blood obtained via sub-brachial 190 
venipuncture, using the isopropanol precipitation technique described in Svensson & 191 
Ricklefs (2009). 192 
Genetic variation in each population was analyzed by sequencing the 193 
mitochondrial genes cytochrome b (CYTB) and NADH dehydrogenase subunit 2 (ND2). 194 
The partial CYTB gene (850 bp) was amplified using primers L14990 (Kocher et al., 195 
1989) and HCERC (TACAAGACCAATGTTTTTATAAACTATTA). The partial ND2 196 
gene (795bp) was amplified using primers H6313 and L5219 (Johnson & Sorenson, 197 
1998). For all analyses, the two gene sequences were concatenated (1645bp). 198 
All PCR amplifications were conducted in 25 μl total volumes using ~50 ng 199 
template DNA, 0.025 U Takara™ Taq polymerase, 2 mM of MgCl2, 0.2 μM of each 200 
primer, 1x Buffer, and 0.8 mM of dNTP. PCRs were performed with the following 201 
conditions: 94°C for 2 min (95°C for ND2) followed by 35 cycles of 94°C for 30 s (45 s 202 
for ND2), 52°C for 45 s, and 72°C for 1 min, concluding with a 10-min extension at 203 
72°C. Negative controls were included in all sets of PCR reactions to confirm absence of 204 
contaminants, and PCR products were verified by visualization on 1% TBE agarose gels 205 
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stained with ethidium bromide. Reactions were cleaned using ExoSAP-IT (USB) 206 
following the manufacturer’s protocol. Sequencing reactions of forward and reverse gene 207 
directions were conducted using BigDye v. 3.1 in a 3100 DNA Analyzer (Applied 208 
Biosystems). Contigs were aligned and edited in Geneious v. 5.6 (Kearse et al., 2012). 209 
Chromatograms were checked by eye to confirm polymorphisms. Haplotype sequences 210 
were deposited in GenBank (accession numbers xxxx-xxxxx, see Appendix S1). 211 
Data analyses 212 
 Phylogenetic/phylogeographic analyses  213 
Basic phylogeographic analyses of the species in the region in question is 214 
necessary to confirm that populations are reciprocally monophyletic, and thus support 215 
independent coalescent processes. In addition, phylogenetic analyses will inform relative 216 
ages of individual populations and provide a better understanding of the colonization 217 
history.  218 
  Relationships among island populations were inferred using Maximum 219 
Likelihood (ML) and Bayesian inference phylogenetic analyses via the CIPRES Science 220 
Gateway v.3.3 (Miller et al., 2010), using unique haplotypes among those found in all 221 
populations. The ML and Bayesian analyses produced largely concordant topologies (for 222 
separate trees see Appendix S2). ML was implemented using RAxML v.8.0 (Stamatakis, 223 
2014), which applies a GTR + G model, and so model testing was not performed prior to 224 
the ML reconstruction. The most likely tree was computed, and 1,000 bootstrap replicates 225 
were performed to assess support for each node. Bootstrap values greater than 70% were 226 
considered strong support (Hillis & Bull, 1993). Bayesian analysis was implemented 227 
using BEAST v.1.7.5 (Drummond et al., 2012), with 10 million generations sampled 228 
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every 1,000th generation. Nodes with posterior probabilities of 0.95 and higher were 229 
considered strongly supported. Trees were generated employing the HKY nucleotide 230 
substitution model selected by jModelTest v.2.1.4 (Guindon & Gascuel, 2003; Darriba et 231 
al., 2012), and a strict molecular clock with a nucleotide substitution rate of 10-8 per 232 
position per year (Weir & Schluter, 2008). The results from the analysis were analyzed in 233 
Tracer v.1.5 for convergence and summarized in TreeAnnotator v.1.7.2 after dropping 234 
10,000 burn-in generations. The following outgroups were used in both phylogenetic 235 
analyses: Loxigilla portoricensis (unpublished data) and Melanospiza richardsoni 236 
(GeneBank accession numbers AY700049 [CYTB], EF567909 [ND2]). The outgroups 237 
were chosen based on their placement in the tanager phylogenetic tree – both are 238 
members of a clade within the Coerebinae that is sister to C. flaveola, and both are 239 
endemic to the West Indies (Burns et al., 2014). Finally, the resulting tree was visualized 240 
and edited using FigTree v.1.4.2 (available at http://tree.bio.ed.ac.uk/software/figtree/). 241 
We estimated genetic differentiation among populations (pairwise FST) using 242 
Arlequin v.3.5 (Excoffier & Lischer, 2010), with confidence intervals based on 1,000 243 
permutations. Phylogeographic structure was further examined with analysis of molecular 244 
variance (AMOVA), which quantifies the proportion of total genetic variation distributed 245 
within and among populations (Excoffier et al., 1992). 246 
 To portray relationships between haplotypes within each clade detected by the 247 
phylogenetic analyses, we created median-joining haplotype networks (Bandelt et al., 248 
1999) using the software Network v.4.6 (available at http://www.fluxus-249 
engineering.com/sharenet.htm). To visualize the genetic mixing occurring within Puerto 250 
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Rico, we also constructed a median-joining haplotype network that included both of the 251 
populations sampled on this island (Guanica Forest and El Yunque).  252 
Island populations that share a large portion of their genetic variation were 253 
subjected to a spatially structured analysis. For the complex genetic structures in these 254 
populations, different approaches are required to extract the genetic information needed 255 
to relate demographic structure to attributes of islands and groups of islands. Bayesian 256 
spatial clustering methods provide a way of statistically inferring a spatially explicit 257 
representation of genetic structure (Corander et al., 2008). The spatial clustering of 258 
individuals model was implemented in Bayesian Analysis of Population Structure (BAPS 259 
v.6) (Corander et al., 2008), which provides a map of clusters representing the genetic 260 
entities within the group of islands in the form of a colored Voronoi tessellation graph 261 
where different colors indicate genetically differentiated populations (see Corander et al. 262 
(2008) for details). The simulations performed in BAPS included all islands, with the 263 
goal of determining the spatially explicit genetic clusters within the archipelago. The 264 
number of clusters, K, was restricted to a maximum of 10, 20 and 30, respectively, across 265 
3 replicates for each K value. 266 
Demographic analyses  267 
 After identifying lineages using phylogenetic methods and AMOVA, we used 268 
genetic diversity to estimate population histories. Summary statistics for genetic variation 269 
in island populations were calculated using Arlequin v.3.5 (Excoffier & Lischer, 2010): 270 
number of segregating sites (S), number of haplotypes (h), haplotype diversity (hd), and 271 
nucleotide diversity (π).    272 
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Island populations, or groups of island populations, that are reciprocally 273 
monophyletic were considered as individual entities in these demographic analyses. We 274 
accepted evidence of recent population expansion only when supported by two or more 275 
demographic indicators. For each monophyletic population, a suite of demographic 276 
measures was calculated. Indicators of change in population size (Tajima’s D (Tajima, 277 
1989) and Fu’s FS (Fu, 1997)), along with their level of statistical significance, were 278 
calculated using Arlequin v.3.5. Mismatch Distributions and statistics that test for sudden 279 
population expansion (sum of squared deviation [SSD] and Harpending’s raggedness 280 
index [r]) also were calculated using Arlequin v.3.5 (Harpending, 1994; Excoffier & 281 
Lischer, 2010). The Mismatch Distribution is a frequency graph of all pairwise 282 
differences between DNA sequences (Rogers & Harpending, 1992). Populations in long-283 
term equilibrium exhibit multimodal distributions, whereas recently expanded 284 
populations typically exhibit a unimodal distribution. Graphs of pairwise differences 285 
were generated with R (R Core Team, 2014), using the ggplot2 package (Wickham, 286 
2009). R Scripts are available in Appendix S3, or can be downloaded at 287 
https://github.com/mwpil. Where relevant, the estimated number of generations since 288 
population expansion (tau [τ, generations] was converted to the most recent time-since-289 
expansion (t, years) by solving t = τ/2u (Rogers & Harpending, 1992), where u is the 290 
rate of nucleotide substitution at any individual locus in the sequence. u was calculated 291 
from an average substitution rate, the number of base pairs in our sequence alignments 292 
(1645), and a generation time of 3 years (based on an adult survival rate of 0.51 on Puerto 293 
Rico determined by Faaborg & Arendt (1995), using the Mismatch Calculator (Schenekar 294 
& Weiss, 2011) available at: http://www.uni-graz.at/zoowww/mismatchcalc/mmc1.php. 295 
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Nucleotide substitution rate was based on the average sequence divergence per million 296 
years of passerine birds estimated by (Weir & Schluter, 2008), 2.07%. Confidence 297 
intervals of time since expansion were derived from the 2.5% and 97.5% quantiles forτ298 
provided by Arlequin.    299 
 Change in population size was further examined by Bayesian Skyline plots (BSP) 300 
(Drummond et al., 2005) produced using BEAST v.1.7.5 (Drummond et al., 2012). The 301 
best nucleotide substitution models were estimated using the Akaike Information 302 
Criterion (AIC) implemented in jModelTest v.2.1.4 (Guindon & Gascuel, 2003; Darriba 303 
et al., 2012), which varied by population and are described in Table 1. A strict molecular 304 
clock was assumed (nucleotide substitution rate, μ =1 × 10-8 yr-1), with 10 grouped 305 
coalescent intervals. Convergence of the MCMC chains was inspected by checking the 306 
effective sample size (ESS) using Tracer v.1.5. Simulated genealogies and model 307 
parameters were sampled every 5,000 generations for 50 million generations with 10% of 308 
the initial samples discarded as burn-in. Tracer was used to visualize plots, to check for 309 
appropriately large ESS values, and to check for convergence of results and performance 310 
of operators. Because of the small number of individuals from Venezuela (n = 7), 311 
Mismatch Distribution and BSP analyses were not conducted for this population. Skyline 312 
Plots were generated with R (R Core Team, 2014), using the ggplot2 package (Wickham, 313 
2009). R scripts are available in Appendix S3, or can be downloaded at 314 
https://github.com/mwpil. 315 
Finally, star-like population haplotype networks characterize population 316 
expansion, whereas complex haplotype networks indicate populations at long-term 317 
demographic equilibrium.  318 
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 319 
RESULTS 320 
Genetic diversity 321 
The concatenated mitochondrial alignment revealed 101 unique haplotypes with 322 
polymorphisms at 231 segregating sites. The number of haplotypes varied between island 323 
populations, from 2 on Little Cayman to 17 at the El Yunque site in Puerto Rico (Table 324 
1). The total number of haplotypes in populations on the Greater Antillean islands (n = 325 
68) and the Lesser Antillean islands (n = 72) were similar. Haplotype diversity ranged 326 
from 0.14 (Guana, British Virgin Islands, BVI) to 0.95 (Jamaica) in the Greater Antilles, 327 
and from 0.53 (Dominica and Barbados) to 0.95 (Grenada) in the Lesser Antilles (Table 328 
1). A Spearman correlation confirmed that haplotype diversity was independent of 329 
sample size (rho = 0.11, P = 0.6). Nucleotide diversity was lowest in the Cayman Islands 330 
(0.0006 on Little Cayman; Table 1), and also was not influenced by sample size (rho = 331 
0.15, P = 0.5).  332 
Population structure 333 
Haplotypes were not shared between populations of bananaquits on the Greater 334 
Antillean and Lesser Antillean islands, except for the island of Guana (BVI), where the 335 
bananaquit population shares one haplotype with all islands north of Saint Vincent in the 336 
Lesser Antilles and none with nearby Puerto Rico (PR) or other islands in the Greater 337 
Antilles. Greater Antillean islands also shared few haplotypes between islands, whereas 338 
haplotypes were broadly shared across the Lesser Antilles, especially from the northern 339 
islands south to Saint Lucia. The southernmost islands of the Lesser Antilles, Saint 340 
Vincent and Grenada, share two haplotypes with each other, but none with the other 341 
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Lesser Antillean islands (see Appendix S1). Because of haplotype sharing, we shall refer 342 
to islands from Guana (BVI) to Saint Lucia collectively as the northern Lesser Antilles, 343 
whereas we refer to Saint Vincent and Grenada as the southern Lesser Antilles.  344 
Haplotype distributions of the northern Lesser Antilles are summarized as a 345 
median joining network in Fig. 2. This haplotype network is dominated by one haplotype 346 
(H_1) that occurs on all northern LA islands, except Barbados (BA). Many island 347 
populations additionally have private haplotypes that differ from the most common 348 
haplotype by a single mutation (e.g., H_2, H_22, H_27, H_11), indicative of a rapid 349 
population expansion. The population on Guadeloupe has the highest number, seven, of 350 
these private haplotypes.  On the other hand, several haplotypes occur on multiple islands 351 
instead of being restricted to a single one (e.g., H_4, H_5, H_7). Another conspicuous 352 
characteristic of this network is the presence on some islands of haplotypes that differ 353 
from the most common one (H_1) by several mutations (e.g., H_12, H_28, H_29).  354 
 Phylogenetic analyses were consistent with the patterns found previously by 355 
Seutin et al. (1994) and Bellemain et al. (2008), where bananaquits comprise six major 356 
clades: Bahamas; Greater Antilles (except PR and BVI); PR, BVI and the northern Lesser 357 
Antilles; Saint Vincent and Grenada; and continental populations, represented here by 358 
Trinidad and Venezuela (Fig. 3). One sequence from Quintana Roo on the Yucatan 359 
Peninsula of Mexico is closely related to the Bahamas sequences, suggesting a second 360 
colonization of the mainland (see Bellemain et al. 2008). Haplotypes from the island of 361 
Barbados comprise a monophyletic clade, which is not strongly supported in its own right 362 
but clearly falls within the northern Lesser Antilles populations (Fig. 3). The 363 
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southernmost LA islands of Saint Vincent and Grenada also form a distinct, well-364 
supported clade that is sister to the rest of the LA islands. 365 
 Strong genetic structure was detected between islands of the archipelago (overall 366 
FST = 0.94, P < 0.001). AMOVA indicated that 94% of the genetic variation occurs 367 
among populations, with only 6% within populations. Hierarchical AMOVA identified 368 
three geographical groups: GA, LA, and continental populations (with BVI included as 369 
an LA island based on phylogenetic results) partitioning more than half of the genetic 370 
variation (53%) between these groups, followed by variation among populations within 371 
groups (42%), and only 4.5% within populations (see Appendix S1). Pairwise FST 372 
confirmed high levels of genetic structure between GA islands (0.80 < FST < 0.99), not 373 
considering the two Cayman Islands, Cayman Brac and Little Cayman, which despite 374 
being genetically structured (P < 0.05) exhibit a low fixation index (FST = 0.098) (Table 375 
2).  376 
The two populations sampled within Puerto Rico, the southwestern Guanica 377 
Forest (GF) and the northeastern El Yunque (EY) location, are also genetically structured 378 
according to FST (P = 0.02), although the differentiation is minimal (FST = 0.04, Table 2) 379 
and is driven by several divergent haplotypes in the EY population that are well removed 380 
from both shared and closely related unique haplotypes in the GF population (Fig. 4). In 381 
contrast, pairwise FST values between the northern LA islands and BVI are all less than 382 
0.13 (Table 2).  383 
We used a Bayesian analysis of population structure (BAPS) to resolve more 384 
detailed indices of differentiation among islands. This approach supports eight spatially 385 
distributed genetic clusters, as indicated by a Voronoi tessellation (Fig. 5). Each cell in 386 
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the tessellation corresponds to the neighboring area of a given geographical coordinate 387 
(i.e., each population). The colors represent the underlying genetic population structure. 388 
Concordant with the F-statistics, this Bayesian approach supports the genetic 389 
differentiation of all Greater Antillean islands, except the Cayman Islands, which form a 390 
single cluster in this analysis. In contrast to their significant pairwise FST, the two Puerto 391 
Rican populations were not differentiated according to the BAPS analysis. With the 392 
exception of two individuals from Guana (BVI), the BAPS analysis also detected a single 393 
cluster within the northern Lesser Antilles (from BVI to SL, including BA), as indicated 394 
by a single color in all neighboring Voronoi tessellation cells of that region (Fig. 5). 395 
Lastly, the analysis did not detect genetic differentiation between Saint Vincent and 396 
Grenada.  397 
 Demographic analyses  398 
They reveal a variety of patterns in the archipelago. Pairwise demographic 399 
indices, Tajima’s D and Fu’s FS, and Mismatch Distribution values are presented in Table 400 
3. Mismatch Distribution graphs and Bayesian Skyline Plots (BSP) are portrayed in Figs. 401 
6 and 7, and individual island haplotype networks are depicted in Fig. 8. Populations of 402 
bananaquits in the Bahamas (ELE) and the western Greater Antillean islands (JA, CB and 403 
LC) show signs of long term stability, whereas eastern Greater Antillean populations in 404 
the Dominican Republic (DR) and Puerto Rico (GF and EY) show clear signs of 405 
expansion in all analyses: Tajima’s D, Fu’s FS, Mismatch Distribution, and BSP (Table 3, 406 
Figs. 6 and 7). Even though the Mismatch Distributions of populations on CB and LC 407 
show a unimodal distribution, any inference of expansion is contradicted by the 408 
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extremely few pairwise differences in the data from these two populations. Also, other 409 
indicators reveal no sign of expansion for these two populations. 410 
Because bananaquit populations are undifferentiated genetically across the 411 
northern Lesser Antilles, we treated these populations as one for demographic analyses. 412 
As expected from the star-like signature in the haplotype network (Fig. 2), this group of 413 
islands shows clear signs of a historical bottleneck and recent population expansion in all 414 
demographic analyses (Table 3, Figs. 6, 7). The population from Barbados (BA) also 415 
indicates expansion in all analyses. In contrast, the southernmost LA islands of SV and 416 
GD show no sign of recent population expansion. Therefore, our analyses suggest that the 417 
bananaquit has stable populations both in west GA and southernmost LA, but shows clear 418 
evidence of expansion on Hispaniola, Puerto Rico, and the northern Lesser Antilles (Fig. 419 
1). Trinidad, which is considered here as a continental population because of its size, and 420 
its proximity and recent land connection to Venezuela, also showed evidence of 421 
population expansion (Table 3). Estimated expansion times of island populations dates 422 
are 54 kyr [DR and GF], 29 kyr [EY] and 41 kyr in the northern LA island populations. 423 
The youngest evident population expansions are Trinidad (17 kyr) followed by Barbados 424 
(24 kyr) (Table 3).  425 
 426 
DISCUSSION 427 
We analyzed the historical demography of bananaquits on most of the islands in 428 
the West Indies and our results show a clear relationship between the geographic signs of 429 
recent expansion (based on phylogeography), and demographic indicators of recent 430 
expansion within island populations or groups of populations. Demographic patterns of 431 
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expansion, stabilization, and re-expansion characterize taxon-cycle phases of the species 432 
in the archipelago. Populations on Greater Antillean islands to the west of Hispaniola, 433 
and the southernmost Lesser Antillean islands of Saint Vincent and Grenada show 434 
evidence of long-term stability, whereas the populations in-between, namely the northern 435 
Lesser Antilles, Puerto Rico, and Hispaniola show clear signs of recent expansion.  436 
 Previous phylogeographic analyses of the bananaquit in the West Indies had 437 
already established, based on mitochondrial and nuclear DNA evolution, that the West 438 
Indian populations of bananaquits comprise five monophyletic groups: 1) the Bahamas, 439 
2) Greater Antilles except Puerto Rico, 3) Puerto Rico, 4) the northern Lesser Antilles 440 
(from the British Virgin Islands to Saint Lucia), and 5) the southernmost islands of Saint 441 
Vincent and Grenada (Seutin et al., 1994; Bellemain et al., 2008). These analyses also 442 
indicated that the bananaquit originated in the Bahamas or the Greater Antilles, where the 443 
deepest phylogenetic nodes reside, which implies that the species later dispersed to the 444 
continent by expansion through the Lesser Antilles. As mentioned previously, birds in the 445 
Mexican state of Quintana Roo on the Yucatan Peninsula are most closely related to birds 446 
on the Bahamas and likely dispersed to the mainland across Cuba (Bellemain et al., 447 
2008). These authors also suggested that the bananaquit colonized the Lesser Antilles at 448 
least twice from Puerto Rico, as evidenced by an earlier colonization of South America 449 
through the Lesser Antilles 0.7-1.7 Million years ago [Mya], leaving old nuclear 450 
genotypes in some of the island populations, and a later colonization that extended to 451 
Grenada (0.34-0.93 Mya). Finally, bananaquits have recently re-expanded across the 452 
northern Lesser Antilles, from an unknown island source but currently extending from 453 
Saint Lucia to the British Virgin Islands on the Puerto Rico Bank. This phylogeographic 454 
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history has resulted in contemporary independent phylogenetic groups on Puerto Rico, 455 
Saint Vincent/Grenada (SV/GR), and the northern Lesser Antilles (Bellemain et al., 2008; 456 
2012).  457 
The taxon-cycle pattern linking geographic expansion to population growth is 458 
supported by within-population indicators of recent population increase on islands in the 459 
northern Lesser Antilles. This recent expansion did not include the southern Lesser 460 
Antillean islands of St. Vincent and Grenada. These islands, which were practically 461 
connected during Pleistocene sea-level lows, share haplotypes and exhibit genetic 462 
evidence of longer-term stable demography. The apparent recent expansion of bananaquit 463 
populations on Puerto Rico is not associated with colonization of other islands. To the 464 
contrary, individuals on the Puerto Rican land-bridge islands in the British Virgin islands 465 
share mitochondrial haplotypes with individuals in the northern Lesser Antilles.  466 
Bellemain et al. (2012) examined both mitochondrial (842 bp of the ATPase 6,8 467 
gene) and nuclear (five introns) genetic variation on Puerto Rico, Guadeloupe, Dominica, 468 
and Grenada. Based on samples of 10 nuclear haplotypes and 10 mitochondrial 469 
haplotypes from each population, none of the values for Tajima’s D differed significantly 470 
from 0. However, genetic diversity () increased from the smallest to the largest of these 471 
islands, and population growth estimated by the program LAMARC with unconstrained 472 
migration, indicated significant population growth on Puerto Rico. Because of the small 473 
sample sizes in Bellemain et al.’s study, it is difficult to interpret discrepancies with 474 
respect to the present analysis. 475 
We found evidence of recent expansion of the bananaquit through the northern 476 
Lesser Antilles in the presence of the same mitochondrial haplotype on all the islands. 477 
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Based on our data, we cannot determine which one or several of the islands was the 478 
source of the expanding and colonizing population. However, other inferences are 479 
possible from the diversity and distribution of haplotypes in the northern Lesser Antilles. 480 
First, the presence of several haplotypes that differ from the most common haplotype by 481 
a single mutation and are found in individuals from many islands (e.g., haplotypes 4, 7, 482 
16, 17, 19) suggest that colonization of islands during expansion phases involved many 483 
individuals and a substantial part of the genetic variation in the founding populations. It 484 
seems unlikely that these haplotypes would have arisen independently by mutation on 485 
each of the islands. This is particularly true of three haplotypes (10, 13, and 34) that are 486 
two steps from haplotype 1 and also found on multiple islands. Second, several individual 487 
islands harbor unique haplotypes differing from haplotype 1 by several mutations (e.g., 488 
haplotypes 14, 15, and 18 on Saint Lucia, haplotypes 25-31 on Guadeloupe, and 489 
haplotype 12 on Martinique). Simply because it is difficult to imagine the recent 490 
generation of such genetic diversity, these haplotypes likely represent older genetic 491 
remnants of populations that were reduced in size but did not become extinct prior to the 492 
current expansion of the bananaquit in the northern Lesser Antilles. Not all islands harbor 493 
individuals with such differentiated haplotypes, suggesting that older populations of 494 
bananaquits on such islands became extinct before this most recent geographic 495 
expansion. 496 
Based on the time since expansion calculated from Mismatch Distributionτ497 
values, expansion of the bananaquit in the northern LA occurred ca. 40 thousand years 498 
ago (CI = 26 - 53 thousand years), much more recently than the last geographic 499 
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expansion out of Puerto Rico, which Bellemain et al. (2008) suggested, on the basis of 500 
phylogeography, to have occurred between 340,000 and 930,000 years ago.  501 
Taxon cycles include phases of geographic expansion, which are clearly indicated 502 
at different times for bananaquits in the Lesser Antilles. The recent geographic expansion 503 
of the species through the northern Lesser Antilles is supported by the distributions of 504 
genetic diversity within island populations in the northern Lesser Antilles, which are 505 
consistent with local population expansion. However, changes in population size within 506 
an island need not be associated with geographic expansion or contraction. The 507 
expansion indicators for the Dominican Republic (Hispaniola) and Puerto Rico 508 
populations of bananaquits suggest that phases of expansion might occur within single 509 
large islands without resulting in geographic expansion to other islands in the 510 
archipelago.   511 
Highly mobile organisms such as birds can spread rapidly through a chain of 512 
islands, such as the West Indies. According to Ricklefs (2010), range expansion in the 513 
West Indies occurs primarily in a stepping-stone fashion, from one island to the next, as 514 
seems to be the case with bananaquits judging from the absence of gaps in distribution. 515 
Historical records of expanding species suggest that range expansion involves repeated 516 
cycles of arrival on one island, buildup of populations over a few decades, and 517 
subsequent colonization of the next island in the chain (Ricklefs, 2010). The genetic 518 
diversity in recently colonized island populations described here also suggests that 519 
colonization by bananaquits involved relatively large propagules.  520 
Ricklefs and Cox (1972) pointed out that species in expansion phases cannot be 521 
distinguished by particular ecological characteristics, such as morphology or diet. In 522 
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addition, expansion phases also do not appear to be driven by cyclical climate change that 523 
might affect many species in the same manner, as ecologically similar species are in 524 
different phases of the taxon cycle at any particular time, including the present. Glacial 525 
cycles could have influenced distributions of birds in the West Indies, because the lower 526 
sea levels and drier climate during glacial maxima provided increased areas of lowland 527 
dry forest (Bonatti & Gartner, 1973; Dexter, 2010) and connected some islands in the 528 
chain by land bridges (e.g., Antigua-Barbuda, Nevis-St. Kitts, Puerto Rico-Virgin 529 
Islands). Another possibility is that the re-expansion of bananaquits within the northern 530 
LA was associated with hurricane tracks. The West Indies, and especially the northern 531 
Lesser Antilles, are within a hurricane belt (see Fig. 5 in Hedges, 2006), with major 532 
storms affecting nectarivorous bird populations (Askins & Ewert, 1991; Waide, 1991a) 533 
occurring at intervals of 10 to 60 years (Waide, 1991b). However, it is still unclear why a 534 
particular population of a species should initiate a phase of expansion, as appears to be 535 
the case for the bananaquit in the northern Lesser Antilles, at a particular time.   536 
Phylogenetic reconstructions, population pairwise differences, and haplotype 537 
networks all indicate that bananaquits on the British Virgin Island (BVI) of Guana are 538 
genetically more similar to populations in the northern Lesser Antilles (NLA) than those 539 
in Puerto Rico (PR). The BVI are much closer to PR than to the NLA and were connected 540 
to PR by a land bridge during glacial periods low sea levels (Iturralde-Vinent, 2006). 541 
Other examples of biotic dissimilarity between Puerto Rico and the Virgin Islands 542 
include amphibians (Hedges, 1999), orchids (Trejo-Torres & Ackerman, 2003),  Anolis 543 
cristatellus (Brandley & de Queiroz, 2004), and species of Amphiacusta ground crickets 544 
(Oneal et al., 2010); also see (Carstensen et al., 2012). Indeed, PR and the Virgin Islands 545 
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(including the BVI) form distinctive biogeographic clusters, suggesting limited dispersal 546 
between these regions, despite the periodic emergence of a land-bridge connection.  547 
A striking phylogeographic break in the West Indian distribution of bananaquits 548 
occurs between the islands of Saint Lucia (SL) and Saint Vincent (SV). As previously 549 
discussed, the bananaquits form two genetic clusters within the Lesser Antilles, one 550 
formed by the southern islands of Saint Vincent and Grenada (GD), and the other by all 551 
other islands of northern Lesser Antilles, including the British Virgin Island of Guana. 552 
Both populations in SV and GD show genetic signs of population stability (Table 3: 553 
insignificant values of D and FS) and are likely remnants of an earlier colonization of the 554 
Lesser Antilles by bananaquits from Puerto Rico. It is worth mentioning that bananaquits 555 
in these two islands harbor melanic morphs, unlike other islands of the Lesser Antilles 556 
(Theron et al., 2001). The two populations are separated by a shallow bank of islands, the 557 
Grenadines, which, during sea level lows during the last Glacial maximum, was exposed 558 
within a few kilometers of Saint Vincent.  559 
Intriguingly, distinctiveness between southern and northern islands is not 560 
uncommon within the Lesser Antilles. Several organisms have phylogenetic breaks 561 
between SL and SV, including the butterfly Dryas iulias (Davies & Bermingham, 2002) 562 
and Eleutherodactylus frogs (Kaiser et al., 1994). Others have phylogenetic breaks in 563 
different locations between northern and southern Lesser Antilles: among the Selenops 564 
spiders, one species extends from Les Saintes northward to Montserrat and Antigua and 565 
another is distributed in the Southern Lesser Antilles, from Dominica south to Saint 566 
Vincent and the Grenadines (Crews & Gillespie, 2010); the Anolis lizards (Schneider et 567 
al., 2001; Creer et al., 2001) and the gecko, Sphaerodactylus vincenti (Surget-Groba & 568 
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Thorpe, 2012), exhibit breaks between Martinique and Dominica. Thus, the 569 
phylogeographic break in the bananaquit distribution in the Lesser Antilles does not 570 
necessarily reflect a commonly recognized geographic or ecological discontinuity. 571 
 Using a combination of population genetic approaches, this study provides 572 
detailed insight into the demographic and geographic history of the bananaquit among 573 
island populations of the West Indies. We have shown a clear correlation between 574 
geographic expansion and demographic expansion within populations of the northern 575 
Lesser Antilles. Populations from the Bahamas, the western Greater Antilles, and the 576 
southernmost islands of the Lesser Antilles are demographically stable and endemic to 577 
one or a few neighboring islands. Bananaquits in the northern Lesser Antilles exhibit 578 
population expansion associated with geographic expansion through a large part of the 579 
archipelago. The presence of both stable populations and rapidly expanding populations 580 
of the same species on close-by islands with similar ranges of habitats emphasizes the 581 
dynamic nature of island biotas and the potentially rapid shift between stable or declining 582 
populations and expanding populations. The patterns identified here are consistent with a 583 
taxon-cycle interpretation of the distribution and taxonomic differentiation within species 584 
of birds in this archipelago. The factors that shift populations from stable or declining 585 
phases to expanding phases of the taxon cycle are not understood. Phylogeographic 586 
analyses of additional species might produce some generalizations, or they might 587 
reinforce the idiosyncratic nature of species distributions.  588 
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Table 1. Indices of genetic diversity for bananaquit populations: n, number of individuals 
sequenced; S, number of segregation sites; h, number of haplotypes; haplotype diversity; 
nucleotide diversity; and substitution model per population. Grey cells indicate islands 
included in the northern Lesser Antillean group.  
 
Island population n S h 
Haplotype 
diversity  
Nucleotide 
diversity  
Substitution 
model 
Eleuthera (ELE) 19 6 5 0.46 +/- 0.13 0.003 +/- 0.003 HKY 
Jamaica (JA) 31 22 16 0.95 +/- 0.02 0.020 +/- 0.011 GTR+I 
Cayman Brac (CB) 27 3 5 0.54 +/- 0.10 0.003 +/- 0.002 HKY 
Little Cayman (LC) 28 1 2 0.14 +/- 0.08 0.0006 +/- 0.001 HKY 
Dominican Republic (DR) 31 13 11 0.76 +/- 0.08 0.007 +/- 0.005 HKY 
Puerto Rico, El Yunque (EY) 30 28 17 0.93 +/- 0.03 0.018 +/- 0.010 GTR+I 
Puerto Rico, Guanica Forest GF) 30 20 16 0.84 +/- 0.06 0.008 +/- 0.005 GTR+I 
British Virgin Is., Guana (BVI) 30 22 2 0.13 +/- 0.08 0.012 +/- 0.007 - 
Saint Martin (SM) 19 5 4 0.58 +/- 0.11 0.005 +/- 0.003 - 
Saint Kitts (SK) 30 10 11 0.90 +/- 0.03 0.007 +/- 0.004 - 
Nevis (NE) 34 8 9 0.81 +/- 0.04 0.006 +/- 0.004 - 
Antigua (AN) 15 8 8 0.73 +/- 0.12 0.005 +/- 0.004 - 
Barbuda (BU) 15 7 7 0.88 +/- 0.05 0.008 +/- 0.005 - 
Guadeloupe (GU) 21 17 14 0.92 +/- 0.05 0.009 +/- 0.006 - 
Dominica (DO) 10 3 4 0.53 +/- 0.18 0.003 +/- 0.003 - 
Martinique (MA) 12 6 5 0.83 +/- 0.22 0.009 +/- 0.007 - 
Montserrat (MO) 20 7 7 0.83 +/- 0.05 0.006 +/- 0.004 - 
Saint Lucia (SL) 21 15 11 0.78 +/- 0.09 0.007 +/- 0.005 - 
Barbados (BA) 29 9 10 0.53 +/- 0.11 0.003 +/- 0.003 GTR+G 
Saint Vincent (SV) 26 26 12 0.92 +/- 0.03 0.028 +/- 0.015 GTR 
Grenada (GD) 30 23 16 0.95 +/- 0.02 0.025 +/- 0.013 GTR 
Trinidad (TR) 26 7 6 0.47 +/- 0.12 0.003 +/- 0.002 HKY 
Venezuela (VE) 7 14 6 0.95 +/- 0.09 0.027 +/- 0.017 HKY+I 
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Table 2. Pairwise differences between pairs of sampled island populations. FST values are above the diagonal, and significance of 
population differentiation is below the diagonal. + indicates significant difference between populations (P < 0.05), and – indicates no 
significant difference (P > 0.05). Island acronyms vide Table 1.  
 
Pop. LC CB JA DR EY GF BVI SM SK NE BU AN MO GU DO MA SL BA SV GD TR VE 
BH 0.99 0.99 0.96 0.98 0.97 0.98 0.97 0.99 0.98 0.98 0.98 0.99 0.98 0.98 0.99 0.99 0.98 0.99 0.95 0.95 0.99 0.97 
LC  0.098 0.85 0.94 0.97 0.99 0.98 0.99 0.99 0.99 0.99 0.99 0.99 0.99 1.00 1.00 0.99 0.99 0.96 0.96 0.99 0.98 
CB +   0.84 0.92 0.97 0.98 0.97 0.99 0.98 0.99 0.99 0.99 0.99 0.98 0.99 0.99 0.99 0.99 0.95 0.95 0.99 0.98 
JA + +  0.81 0.95 0.96 0.95 0.95 0.96 0.96 0.95 0.95 0.95 0.95 0.95 0.94 0.95 0.96 0.93 0.93 0.96 0.93 
DR + + +  0.96 0.98 0.97 0.98 0.98 0.98 0.98 0.98 0.98 0.97 0.98 0.98 0.98 0.98 0.94 0.95 0.98 0.96 
EY + + + +  0.04 0.84 0.87 0.88 0.88 0.86 0.87 0.87 0.86 0.86 0.84 0.87 0.90 0.80 0.80 0.93 0.87 
GF + + + + +  0.89 0.93 0.93 0.93 0.92 0.93 0.93 0.92 0.93 0.92 0.93 0.95 0.85 0.84 0.96 0.93 
BVI + + + + + +  0.03 0.06 0.06 0.05 0.01 0.07 0.02 0.00 0.02 0.02 0.37 0.70 0.69 0.93 0.88 
SM + + + + + + -  0.07 0.08 0.07 0.02 0.06 0.04 0.03 0.10 0.01 0.54 0.73 0.72 0.97 0.92 
SK + + + + + + + +  0.01 0.09 0.02 0.06 0.05 0.05 0.08 0.02 0.49 0.75 0.74 0.96 0.92 
NE + + + + + + + + -  0.10 0.03 0.08 0.02 0.06 0.11 0.03 0.51 0.76 0.75 0.96 0.92 
BU + + + + + + - + + +  0.02 0.13 0.03 0.07 0.06 0.01 0.51 0.70 0.69 0.96 0.89 
AN + + + + + + - - - - -  0.05 0.01 0.03 0.07 0.03 0.54 0.71 0.70 0.97 0.91 
MO + + + + + + + + + + + +  0.06 0.05 0.10 0.05 0.52 0.72 0.72 0.96 0.91 
GU + + + + + + - + + - - - +  0.00 0.01 0.00 0.45 0.71 0.71 0.95 0.89 
DO + + + + + + - - - - - - - -  0.10 0.00 0.57 0.69 0.69 0.97 0.90 
MA + + + + + + - - - - - - - - -  0.03 0.57 0.64 0.64 0.97 0.84 
SL + + + + + + - - - + - - + - - -  0.48 0.72 0.71 0.96 0.91 
BA + + + + + + + + + + + + + + + + +  0.77 0.77 0.97 0.94 
SV + + + + + + + + + + + + + + + + + +  0.11 0.88 0.81 
GD + + + + + + + + + + + + + + + + + + +  0.89 0.82 
TR + + + + + + + + + + + + + + + + + + + +  0.69 
VE + + + + + + + + + + + + + + + + + + + + +   
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Table 3. Pairwise distance demographic analyses, number of samples (n), Tajima’s D, 
Fu’s FS, Sum of Squared Deviations (SSD), raggedness indices (r), the tau parameter (τ) 
and time since expansion (in years) including confidence intervals. * indicates 
statistically significant values (P < 0.05). 
 
 n Tajima’s D Fu’s FS SSD  r τ 
Time since expansion 
2.07 div./My 
(μ =3.10x10-8) 
Eleuthera 19 -1.54* -1.70 0.01 0.12 NA  
Jamaica 31 -0.55 -4.15* 0.04 0.79 NA  
Cayman Brac  27 -0.37 -1.84 0.01 0.11 NA  
Little Cayman 28 -0.68 -0.24 0.00 0.54 NA  
Dominican Republic 31 -1.52* -4.90* 0.00 0.01 1.85 54,435 (0 – 155.353) 
Puerto Rico (EY) 30 -1.50* -6.90* 0.17* 0.02 0.99 29,130 (13,803 – 50,218)  
Puerto Rico (GF) 30 -2.25* -13.07* 0.00 0.05 1.85 54,435 (25,843 – 80,466) 
Northern Lesser 
Antilles 
204 -2.51* -27.69* 0.00 0.08* 1.39 40,900 (26,137 – 53,155) 
Barbados 29 -2.10* -8.93* 0.00 0.07 0.82 24,128 (0 – 52,567) 
Saint Vincent 26 -0.208 -0.51 0.01 0.03 NA  
Grenada 30 -0.05 -3.54 0.01 0.01 NA  
Trinidad 26 -1.93* -3.08* 0.01 0.13 0.61 17,949 
Venezuela 7 0.58 -0.55 0.06 0.08 NA  
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Figure 1. Map of the West Indian archipelago. The 20 islands sampled in this study are 
colored according to the legend. The continental populations are indicated with arrows. 
Modified from Raffaele et al. 2010. 
 
Figure 2. Median joining haplotype network of northern Lesser Antillean island 
populations including Barbados. Each circle represents a different haplotype, and each 
open dot indicates a mutation between one haplotype and the other. Small red dots 
between haplotypes indicate an unsampled or ancestral haplotype state. The size of the 
circle corresponds to the number of individuals that share that haplotype. Each island is 
represented by a different color (see Legend). 
 
Figure 3. Consensus phylogenetic tree of unique haplotypes recovered from all 
bananaquit populations sampled. Maximum likelihood support values are above branch 
lines, and Bayesian posterior values are below lines. Islands are color coded as in Fig. 1, 
and island acronyms are the same as Table 1, except for PR = Puerto Rico, and LA = 
Lesser Antilles. For individual Bayesian and Maximum Likelihood phylogenetic trees 
with out groups refer to Appendix S2 in Supporting Information. 
 
Figure 4. Median joining haplotype network of the two Puerto Rican populations, El 
Yunque (red) and Guanica Forest (black). Each circle represents a different haplotype, 
and each open dot indicates a mutation between one haplotype and the other. The size of 
the circle corresponds to the number of individuals that share that haplotype.  
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Figure 5. Voronoi tessellation from spatial genetic clustering of island populations of 
bananaquits in the West Indies, inferred with the software BAPS. Identical color 
identifies populations with homogeneous genetic composition. There are eight clusters. 
Partitions within clusters represent geographical locations of samples. Tessellation is 
superimposed on West Indies map, but cells are not representative of actual island shapes 
since single geographic coordinate points are used.  
 
Figure 6. Historical demography analyses of mismatch distribution (left) and Bayesian 
Skyline Plots (right) showing changes in bananaquit population size through time (years) 
in genetically distinct islands or groups of islands. With respect to mismatch 
distributions, smooth unimodal graphs indicate population expansion, grey bars = 
observed values, black line = expected. Bayesian Skyline Plots, shaded area = 95% 
confidence interval, black line = median log (Ne). 
 
Figure 7. Historical demography analyses of mismatch distribution (left) and Bayesian 
Skyline Plots (right) showing changes in population size through time (years) in the two 
Puerto Rican populations, El Yunque and Guanica Forest. Mismatch Distributions, 
smooth unimodal graphs indicate population expansion, grey bars = observed values, 
black line = expected. Bayesian Skyline Plots, shaded area = 95% confidence interval, 
black line = median log (Ne). 
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Figure 8. Median joining haplotype networks of reciprocally monophyletic island 
populations. Each circle represents a different haplotype, and each small black dot 
indicates a missing haplotype.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
41 
Figure 1.  
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Figure 2.  
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Figure 3.  
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Figure 4.  
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Figure 6.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0
20
40
2 4 6
Pairwise differences
F
re
q
u
e
n
c
y Eleuthera, Bahamas
10
11
12
13
14
0 5000 10000 15000 20000
Time
lo
g
(N
e
)
0
50
100
0.0 2.5 5.0 7.5
Pairwise differences
F
re
q
u
e
n
c
y Jamaica
10
11
12
13
14
0 30000 60000 90000
Time
lo
g
(N
e
)
0
50
100
150
0 1 2 3
Pairwise differences
F
re
q
u
e
n
c
y Cayman Brac
6
8
10
12
0.00 0.25 0.50 0.75 1.00
Time
lo
g
(N
e
)
0
100
200
300
0.0 0.5 1.0
Pairwise differences
F
re
q
u
e
n
c
y Little Cayman
6
8
10
12
0.00 0.25 0.50 0.75 1.00
Time
lo
g
(N
e
)
0
30
60
90
0 2 4 6
Pairwise differences
F
re
q
u
e
n
c
y Dominican Republica, Hispaniola
10
11
12
13
14
15
0 10000 20000 30000 40000
Time
lo
g
(N
e
)
 
 
 
47 
Figure 6, continued. 
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Figure 7.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0
50
100
150
0 5 10 15
Pairwise differences
F
re
q
u
e
n
c
y
El Yunque, Puerto Rico
12
14
16
0 50000 100000 150000
Time
lo
g
(N
e
)
0
50
100
0 2 4 6
Pairwise differences
F
re
q
u
e
n
c
y
Guanica Forest, Puerto Rico
12
14
16
0 20000 40000
Time
lo
g
(N
e
)
 
 
 
49 
Figure 8.  
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Appendix S1. Supplemental Tables. 
 
Supplemental table 1. West Indian island coordinates.  
 
Islands Latitude Longitude 
Eleuthera 24 57' N 75 49' W 
Jamaica 18 15'N 77 30' W 
Cayman Brac  19 19' N 81 15' W 
Little Cayman 19 41' N 80 02' W 
Dominican Republic 18 30' N 70 49' W 
Porto Rico, Guanica Forest 17 57' N 66 52' W 
Porto Rico, El Yunque 18 17' N 65 47' W 
British Virgin Is, Guana 18 30' N 64 30' W 
Saint Martin 18 04' N 63 03' W 
Saint Kitts 17 20' N 62 45' W 
Nevis 17 09' N 62 34' W 
Antigua 17 04' N 61 49' W 
Barbuda 17 37' N 61 46' W 
Guadalupe 16 15' N 61 33' W 
Dominica 15 20' N 61 22' W 
Martinique 14 49' N 61 02' W 
Montserrat 16 45' N 62 12' W 
Saint Lucia 13 53' N 60 58' W 
Barbados 13 10' N 59 32' W 
Saint Vincent 13 15' N 61 12' W 
Grenada 12 06' N 61 40' W 
Trinidad 10 10' N 60 50' W 
Venezuela 10 31' N  66 15' W 
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Supplemental table 2. Number of shared haplotypes between island populations of bananaquit. Values within shaded area are from 
islands populations considered as northern Lesser Antilles (NLA). 
  ELE JA CB LC DR EY GF BVI SM SK NE AN BU GU DO MA MO SL BA SV GD TR VE 
Eleuthera (ELE)                                               
Jamaica (JA)                                               
Cayman Brac 
(CB) 
                                              
Little Cayman 
(LC) 
    1                                         
Dominican 
Republic (DR) 
                                              
Porto Rico - EY                                               
Porto Rico - GF           3                                   
Guana (BVI)                                               
Saint Martin (SM)               1                               
Saint Kitts (SK)               1 2                             
Nevis (NE)               1 2 7                           
Antigua (AN)               1 2 4 4                         
Barbuda (BU)               1 1 3 3 3                       
Guadalupe (GU)               1 2 5 4 3 3                     
Dominica (DO)               1 2 2 2 3 1 2                   
Martinique (MA)               1 1 2 2 1 1 2 1                 
Montserrat (MO)               1 2 2 3 2 1 3 2 1               
Saint Lucia (SL)               1 2 5 5 5 2 6 2 2 3             
Barbados (BA)                                               
Saint Vincent (SV)                                               
Grenada (GD)                                       2       
Trinidad (TR)                                               
Venezuela (VE)                                               
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Supplemental table 3. Results of the analysis of molecular variance (AMOVA) showing 
how genetic variation is distributed at different hierarchical levels. d.f., degrees of 
freedom; SS, sum of squares. 
 
Source of variation d.f. SS % variation 
One group       
Among populations 22 9250.2 94.19 
Within populations 547 572.5 5.81 
Three groups    
Among groups 2 4346.7 53.14 
Among populations within groups 20 4903.5 42.4 
Within populations 547 572.5 4.46 
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Appendix S2. Supplemental figures. 
 
 
Supplemental figure 1. Maximum likelihood tree of the unique haplotypes recovered from all 
bananaquit populations sampled.  
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Supplemental figure 2. Bayesian tree of the unique haplotypes recovered from all 
bananaquit populations sampled. Branches are color coded per island as in Fig. 1. Node 
values represent posterior probability higher than 95%. 
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Appendix S3. R scripts 
 
#R script for MD graphs 
 
#import txt (first open in Excel to give header and correct configuration. Header should 
read: #"X.Diff","Observed","Low.bound","Up.bound","Model_Freq.". 
data  <- read.table("data.txt", header=TRUE) 
 
#give headers in case you didn't in Excel 
names(data) <- c("X.Diff","Observed","Low.bound","Up.bound","Model_Freq.") 
 
#load ggplot2 package 
library(ggplot2) 
 
#define individual plots  
MD <-ggplot(MD, aes(x=X.Diff,y=Observed)) + geom_bar(stat="identity", width=0.6, 
fill="#808080") + geom_line (aes(y=Model_Freq.), size = 1) + ggtitle 
("Population_name") + xlab("Pairwise differences") + ylab("Frequency") + theme_bw() 
+ theme(panel.border = element_blank() , axis.line = element_line (colour="black")) + 
theme (panel.grid.major = element_blank(), panel.grid.minor = element_blank()) 
 
#to plot multiple graphs  
#load gridExtra 
library(gridExtra) 
 
# arrange plots in grid 
grid.arrange(MD1, MD2, … , ncol=2) 
 
#to save as pdf 
pdf("Figure.pdf") 
grid.arrange (MD1, MD2, … , ncol=2) 
dev.off() 
 
#R script for Bayesian Skyline Plots 
 
#import txt (first open in Excel to delete first row and correct configuration. Header 
should read:  
# “Time”, “Mean”, “Median”, “Upper”, “Lower” 
data <-read.table("data.txt", sep="\t", header=TRUE) 
 
#load ggplot2 package 
library(ggplot2) 
 
#define individual plots  
BSP <- ggplot(data, aes(x=Time,y=log(Median))) + 
geom_ribbon(aes(ymin=log(Lower),ymax=log(Upper)),alpha=0.2) + geom_line() + 
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xlab("Time") + ylab("log(Ne)") + theme_bw() + theme(panel.border = element_blank() , 
axis.line = element_line(colour="black")) + theme(panel.grid.major = element_blank(), 
panel.grid.minor = element_blank()) 
 
#to plot multiple graphs  
#load gridExtra 
library(gridExtra) 
 
# arrange plots in grid 
grid.arrange(BSP1, BSP2, … , ncol=2) 
 
#to save as pdf 
pdf("Figure.pdf") 
grid.arrange (BSP1, BSP2, … , ncol=2) 
dev.off() 
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ABSTRACT 20 
West Indian bullfinches belong to the paraphyletic genus Loxigilla (Thraupidae), 21 
composed of four species within the subfamily Coerebinae, all endemic to the West 22 
Indies archipelago. A single species, L. noctis, extends the length of the Lesser Antilles 23 
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58 
from Grenada in the south to the Virgin Islands in the north. Loxigilla barbadensis is a 24 
related population on Barbados; L. portoricensis is endemic to Puerto Rico, the 25 
easternmost of the Greater Antilles and closest geographically to L. noctis. We used two 26 
mitochondrial genes to assess the phylogeography and historical demography of these 27 
species while investigating the genetic relationships between island populations and 28 
subspecies throughout the Lesser Antilles. Phylogenetic analyses show that L. 29 
barbadensis, the only sexually monomorphic population of Loxigilla, is embedded within 30 
L. noctis. Lesser Antillean bullfinches exhibit extensive intraspecific mitochondrial 31 
diversity and a high degree of population structure between island populations. 32 
Matrilineal genotype distributions distinguish four haplotype groups in L. noctis with the 33 
following distributions: 1) the northern Lesser Antillean islands from St. Kitts south to 34 
Martinique, 2) Martinique to Grenada, 3) St. Vincent and Grenada, and 4) L. 35 
barbadensis.  Demographic inferences from mtDNA variation in populations of 36 
bullfinches were varied. Only two populations—L. barbadensis on Barbados and L. 37 
noctis on St. Vincent—produced consistent indications of demographic expansion, even 38 
though L. noctis appears to have recently expanded its range in the northern Lesser 39 
Antilles. Phylogeographic analysis of L. noctis reveals a complex and dynamic history 40 
that is not evident in the subspecific taxonomy of the species.  41 
KEY-WORDS: demographic history, dispersal, haplotype network, island biogeography, 42 
population size 43 
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INTRODUCTION 44 
Loxigilla is a paraphyletic genus with four described species variously embedded 45 
within the subfamily Coerebinae (Thraupidae) (Burns et al., 2014), and endemic to the 46 
West Indies archipelago. Two are single-island endemics: Loxigilla portoricensis on 47 
Puerto Rico, and L. barbadensis on Barbados. The other two species occur, respectively, 48 
on the islands of the Greater Antilles (L. violacea) and across the Lesser Antilles (L. 49 
noctis) (Raffaele et al., 2010). Also part of this group is the Cuban bullfinch (Melopyrrha 50 
nigra), restricted to Cuba and the Cayman Islands, which is sister to L. violacea (Burns et 51 
al., 2014), neither of which will be considered further here. Bullfinches are typically 52 
abundant birds, particularly in scrubby habitats at low elevations, and they feed on a 53 
variety of insects, fruits, and seeds (Raffaele et al., 2010; P. A. Buckley & F. G. Buckley, 54 
2004). 55 
The evolutionary history of the Loxigilla bullfinches has unfolded in the West 56 
Indies archipelago in the Caribbean Basin, which includes the Greater Antilles and the 57 
Lesser Antilles. The former are continental fragments dragged to their present positions 58 
by plate movements within the region (Iturralde-Vinent & MacPhee, 1999). The latter 59 
formed as an oceanic volcanic arc over the edge of the eastern Caribbean Plate; the 60 
archipelago has maintained its present configuration for perhaps 20 million years 61 
(Iturralde-Vinent & MacPhee, 1999; Ricklefs & Bermingham, 2008). The Lesser 62 
Antillean islands have never had direct land connections to the continent and have never 63 
been connected to each other, except for the islands of St. Kitts-Nevis, Antigua-Barbuda, 64 
and Grenada-Grenadines; each of these pairs of islands lie on shallow banks (Ricklefs & 65 
Bermingham, 2008). 66 
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The entire Coerebinae subfamily, which includes the Darwin finches, has 67 
undergone rapid diversification, not least the bullfinches (Mallarino et al., 2012; Burns et 68 
al., 2014). Morphological variation among populations of the Lesser Antillean bullfinch, 69 
L. noctis, led taxonomists to distinguish eight subspecies in addition to L. barbadensis 70 
(Barbados): 1) ridgwayi (Anguilla, St. Martin, St. Barthélémy, Barbuda, and Antigua); 2) 71 
coryi (Saba, St. Eustatius, St. Kitts, Nevis, and Montserrat); 3) dominicana (Guadeloupe, 72 
Îles des Saintes, Marie-Galante, and Dominica); 4) desiradensis (Désirade); 5) noctis 73 
(Martinique); 6) sclateri (St. Lucia); 7) crissalis (St. Vincent); and 8) grenadensis 74 
(Grenada) (Ridgway, 1901; P. A. Buckley & F. G. Buckley, 2004). Morphological 75 
differences mainly reflect small differences in color, patterning, or measurements (P. A. 76 
Buckley & F. G. Buckley, 2004).  77 
Species relationships in the genus Loxigilla are complex (see Burns et al., 2002; 78 
Mallarino et al., 2012; Burns et al., 2014). The four species of Loxigilla comprise two 79 
paraphyletic clades, one that includes L. portoricensis and L. violacea, as well as 80 
Melopyrrha nigra—Burns et al. (2014) suggested that this clade be named Melopyrrha—81 
and another that includes the Lesser Antillean Loxigilla species, L. noctis and L. 82 
barbadensis (Burns et al., 2002; Mallarino et al., 2012; Burns et al., 2014). Except for the 83 
analyses of Lovette et al. (1999), who used mitochondrial markers to assess relationships 84 
between L. barbadensis and L. noctis on St. Lucia (sclateri) and St. Vincent (crissalis), 85 
no other phylogeographic information on Loxigilla bullfinches has been published.  86 
The historical demography of a population provides insights into the structuring 87 
of gene genealogies and is therefore relevant to phylogeographic patterns over micro-88 
evolutionary scales (Avise, 2000). The distributions of widespread species like L. noctis 89 
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clearly have expanded relatively recently. Whether the history of this expansion, 90 
including founder effects and the generation of new genetic diversity within island 91 
populations, is retained in the genetic variation of contemporary populations is important 92 
to understanding the historical biogeography and demography of populations more 93 
generally. Understanding a population’s trajectory through time can inform our 94 
understanding of selection and adaptation in such dynamic species. Ultimately, the fate of 95 
a population depends on its long-term demography (Fahey et al., 2014).  96 
 Here, we assess the relationship between phylogeographic relationships and 97 
historical demographic patterns in island populations of Loxigilla species in Puerto Rico 98 
and the Lesser Antilles.  99 
   100 
MATERIALS AND METHODS 101 
 102 
Study sites and field sample collection 103 
 We studied three species of bullfinch: Loxigilla portoricensis, which is endemic 104 
to Puerto Rico; L. noctis, which is distributed from the Virgin Islands south through the 105 
Lesser Antilles to Grenada; and L. barbadensis, which is endemic to Barbados. Blood 106 
samples were collected from birds on 13 islands: the Puerto Rican bullfinch (L. 107 
portoricensis) sample used in this analysis represents a high elevation population in the 108 
wet El Yunque National Forest (EY) in eastern Puerto Rico; the Lesser Antillean 109 
bullfinch (L. noctis) was sampled on the following islands (from north to south) St. Kitts 110 
(SK), Nevis (NE), Montserrat (MO), Barbuda (BU), Antigua (AN), Guadeloupe (GU), 111 
Dominica (DO), Martinique (MA), St. Lucia (SL), St. Vincent (SV), and Grenada (GD); 112 
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finally, L. barbadensis was sampled on Barbados (BA) (Fig. 1). Blood was collected 113 
nondestructively, under permit from local governments, from 247 individuals (up to 31 114 
individuals per island; Table 1). Birds were captured in mist nets between April and 115 
August over the period 1991-2012. Blood was collected via sub-brachial venipuncture; 116 
detailed field methods are described in Latta and Ricklefs (2010).  117 
Molecular methods  118 
 DNA was extracted from the 247 blood samples using an isopropanol 119 
precipitation protocol described in detail in Svensson and Ricklefs (2009). Genetic 120 
variation was quantified by sequencing two mitochondrial genes, cytochrome b (CYTB) 121 
and NADH subunit 2 (ND2) using methods described by Pil et al. (Chapter 1). All 122 
chromatograms were checked and aligned using Geneious v.5.6. Alignments of cytb and 123 
ND2 were concatenated for all analyses, adding to 1,479 bp. Haplotypes were deposited 124 
in GenBank (accession numbers xxxx-xxxxx).  125 
Phylogeography and population genetics analyses 126 
 The following summary statistics were calculated for each population using 127 
Arlequin v.3.5 (Excoffier & Lischer, 2010): number of segregating sites (S), number of 128 
haplotypes (h), haplotype diversity (hd), and nucleotide diversity (π).  Pairwise island 129 
genetic differentiation was estimated by FST with confidence intervals, based on 1,000 130 
permutations, and by Raymond and Rousset’s (1995) exact test of sample differentiation 131 
based on haplotype frequency with a Markov chain of 100,000 steps. Genetic distances 132 
between species were calculated as between-group distances by a maximum composite 133 
likelihood model (Tamura et al., 2004) with MEGA6 (Tamura et al., 2013).  134 
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To better understand the geographical distribution of genetic variation within L. 135 
noctis, an analysis of molecular variance (AMOVA, Excoffier et al., 1992) was 136 
performed using Arlequin to quantify the proportion of genetic variation distributed 137 
within and among populations of L. noctis. We also ran a hierarchical AMOVA with 138 
three groups representing the three different species of Loxigilla. Relationships among 139 
island populations of L. noctis were also inferred with median-joining haplotype 140 
networks (Bandelt et al., 1999) using the software Network v.4.6 (available at 141 
http://www.fluxus-engineering.com/sharenet.htm). Because of the mitochondrial genetic 142 
similarity between L. noctis and L. barbadensis (see Results), we included both species in 143 
the haplotype network.  144 
 Phylogeography of Loxigilla was inferred with Maximum Likelihood (ML) and 145 
Bayesian inference phylogenetic analyses. Individuals of Coereba flaveola (unpublished 146 
data) were used as an outgroup for both phylogenetic analyses; the species is sister to the 147 
clade including all three species of Loxigilla (Burns et al., 2014). ML inference was 148 
implemented using MEGA6 (Tamura et al., 2013) and the model of nucleotide 149 
substitution GTR + G, inferred with jModelTest v.2.1.7 (Guindon & Gascuel, 2003; 150 
Darriba et al., 2012) and selected by the Akaike Information Criterion (AIC). The most 151 
likely tree was computed, and 500 bootstrap replicates were performed to assess support 152 
for each node. Nodes with bootstrap values greater than 70% were considered strongly 153 
supported (Hillis & Bull, 1993). 154 
A Bayesian tree was generated with BEAST v.1.8.1 (Drummond et al., 2012) 155 
implemented on the XSEDE computing cluster via the CIPRES Science Gateway v.3.3 156 
(Miller et al., 2010) also using the nucleotide substitution model GTR+G inferred by 157 
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jModelTest v.2.1.7 (Guindon & Gascuel, 2003; Darriba et al., 2012). Bayesian analysis 158 
was run with 100 million generations sampled every 5,000. Trees were generated using a 159 
strict molecular clock with a nucleotide substitution rate of 10-8 per position per year 160 
(Weir & Schluter, 2008). We used Tracer v1.6 (Rambaut et al., 2014) to assess 161 
convergence across independent runs and to examine effective sample sizes for all 162 
parameters. We produced a maximum clade credibility tree using the BEAST program 163 
TreeAnnotator v. 1.8.1 (Drummond et al., 2012) ignoring the first 10,000 states as burn-164 
in. Posterior probabilities of 0.95 and higher were considered strong support. The 165 
resulting tree was visualized and edited using FigTree v.1.4.2 (available at 166 
http://tree.bio.ed.ac.uk/software/figtree/).  167 
Demographic analyses 168 
To investigate historical demography of the genetically monophyletic populations 169 
of all species, we calculated several measures: (i) the index of change in population size, 170 
Tajima’s D, which tests for an excess of low frequency polymorphisms (Tajima, 1989); 171 
(ii) Fu’s FS, which tests for an excess of low-frequency haplotypes characteristic of 172 
expanding populations (Fu, 1997); (iii) mismatch distribution, which is the distribution of 173 
pairwise differences among haplotypes, and includes statistical tests of population sudden 174 
expansion, namely the sum of squared deviations (SSD) and Harpending’s raggedness 175 
index (r) (Slatkin & Hudson, 1991; Rogers & Harpending, 1992; Harpending, 1994). All 176 
these indices and their respective levels of statistical significance were calculated with 177 
Arlequin v.3.5 (Excoffier & Lischer, 2010). Graphs of pairwise differences were 178 
generated with R (R Core Team, 2014), using the ggplot2 package (Wickham, 2009). R 179 
Scripts are available in Appendix A of Chapter 1, or can be downloaded at 180 
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https://github.com/mwpil. Where relevant, the estimated mismatch distribution values of 181 
the tau parameter (τ, units of mutational time) were converted into the most recent time-182 
since-expansion (t) by solving t = τ/2u (Rogers & Harpending, 1992), where u is the 183 
probability of a nucleotide substitution at any individual locus in the sequence, using the 184 
Mismatch Calculator (Schenekar & Weiss, 2011) available at: http://www.uni-185 
graz.at/zoowww/mismatchcalc/mmc1.php. u was calculated from an average substitution 186 
rate, the number of base pairs in our sequence alignments (1,479), and a generation time 187 
of 3 years, based on an estimated adult survival rate of 0.51 for a related species, Coereba 188 
flaveola (Coerebinae), on Puerto Rico (Faaborg & Arendt, 1995). Substitution rates were 189 
calculated based on the 2.07% average sequence divergence per million years for 190 
passerine birds estimated by Weir and Schluter (2008). Confidence intervals of time since 191 
expansion were derived from 2.5% and 97.5% quantile values provided for τ by 192 
Arlequin.    193 
Skyline Bayesian plots (BSP) (Drummond et al., 2005) were also constructed for 194 
each reciprocally monophyletic population using BEAST v.1.8.1 (Drummond et al., 195 
2012), which provides graphs of estimated effective population size through time. A strict 196 
molecular clock was assumed (substitution rate, μ =1 x 10-8), with 10 grouped coalescent 197 
intervals (Markov chain Monte Carlo (MCMC) = 5 x 108; burn-in = 5 x 107; “Piecewise-198 
constant” skyline model; “Coalescent: Constant Size” tree priors). Convergence of the 199 
MCMC chain was inspected by checking the effective sample size (ESS) using Tracer 200 
v.1.6 (Rambaut et al., 2014). The nucleotide substitution models used varied by 201 
population and were estimated using AIC implemented in jModelTest v.2.1.4 (Posada, 202 
2008) (Table 1). Skyline Plots were generated with R (R Core Team, 2014), using the 203 
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ggplot2 package (Wickham, 2009). R Scripts are available in Appendix A of Chapter 1, 204 
or can be downloaded at https://github.com/mwpil. 205 
 206 
RESULTS 207 
 208 
Summary statistics 209 
The alignment of concatenated sequences of all 247 samples for the three species 210 
of Loxigilla resulted in 68 distinct haplotypes, diverging at 176 segregating sites, with 211 
haplotype diversity ranging from 0.39 ± 0.14 on St. Vincent to 0.96 ± 0.04 on 212 
Martinique. Nucleotide diversity was low overall, ranging from 0.003 ± 0.003 on Antigua 213 
to 0.009 ± 0.007 at El Yunque, Puerto Rico (Table 1). Number of haplotypes per island 214 
population of each species was similar: 10 in L. barbadensis, an average of 6 in L. noctis, 215 
and 7 in L. portoricensis.  216 
Phylogenetic inferences 217 
 Bayesian inference and Maximum Likelihood presented similar topologies (Fig. 218 
2). These support species monophyly for Loxigilla portoricensis and L. noctis; L. 219 
barbadensis is embedded within L. noctis, although its placement lacks support (Fig. 2). 220 
In both topologies, the L. barbadensis clade has strong support. The genetic distance 221 
between L. portoricensis and the other two species, based on the mitochondrial data, is 222 
7%; only 0.6% separate L. barbadensis and L. noctis. Loxigilla noctis encompasses three 223 
clades consistent with the grouping found in the haplotype network. These clades 224 
partially overlap geographically: one extends through island populations from St. 225 
Kitts/Nevis south to Martinique; the second includes individuals from Martinique south 226 
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to Grenada; and the third is restricted to individuals from St. Vincent and Grenada, apart 227 
from the L. barbadensis clade (Fig. 2). Most of the relationships between L. noctis 228 
haplotypes did not receive strong statistical support and short internodes characterized 229 
most of the branches among these lineages.  230 
Estimated node ages in the Bayesian tree suggest that the basal split between L. 231 
portoricencis and the ancestor of L. noctis and L. barbadensis occurred ca. 9.5 million 232 
years ago (C.I. = 7 – 12). The basal divergence of contemporary haplotypes within the L. 233 
portoricensis clade is approximately 196 thousand years old (C.I. = 69 – 344); L. noctis 234 
haplotypes coalesced around 534 thousand years ago (C.I. = 365 – 732), and L. 235 
barbadensis haplotypes coalesced approximately 158 thousand years ago (C.I. = 71 – 236 
262). Both northern (Dominica north) and southern (Martinique south) radiations of L. 237 
noctis coalesce to approximately the same time: 410 thousand years in the south (C.I. = 238 
249 – 563) and 375 thousand years in the north (C.I. = 237 – 542). The divergence 239 
between L. barbadensis and L. noctis took place around 345 thousand years ago (C.I. = 240 
209 – 493). 241 
Population structure of L. noctis  242 
Bullfinches show extensive intraspecific mitochondrial diversity. Pairwise FST 243 
values between populations of L. noctis varied substantially, from 0.02 between St. Kitts 244 
and Nevis, to 0.91 between St. Vincent and Antigua, but most values exceeded 0.2 (Table 245 
2). Pairwise comparisons that included the southernmost island of St. Vincent yielded 246 
uniformly high values of FST, except in the case of the neighboring island of Grenada 247 
(GD) (FST = 0.23). The significance values for all FST comparisons indicate genetic 248 
structure (P < 0.01) except between the pair of populations on Dominica and 249 
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Guadeloupe, and the pair on St. Kitts and Nevis (Table 2). The exact test of population 250 
differentiation indicates a lack of population structure only between St. Kitts and Nevis, 251 
the two closest islands in the Lesser Antilles. Because these populations show strong 252 
evidence of gene flow or recent derivation (the islands were connected by a land bridge 253 
during the Last Glacial Maximum), we will consider them as a single population for 254 
demographic analyses. We also calculated pairwise FST between populations of the two 255 
other species of bullfinches, which was 0.98 between L. portoricensis and L. 256 
barbadensis, 0.97-0.99 between L. portoricensis and L. noctis, and 0.57 (MA) to 0.88 257 
(NE) between L. noctis and L. barbadensis. 258 
AMOVA also indicated a high degree of population structure between L. noctis 259 
populations: 68% of the genetic variation occurs among populations, and 32% within 260 
populations (Table 3). Hierarchical AMOVA including island populations of all three 261 
species indicated a high degree of differentiation among species, as expected, partitioning 262 
89% of the genetic variation between species, followed by 7% of the variation among 263 
populations within species, and only 4% within populations (Supplemental Table 2).     264 
The median-joining haplotype network including L. noctis populations and L. 265 
barbadensis (Fig. 3) provides a clear picture of L. barbadensis genetic isolation, although 266 
the two species are separated by only three steps through the shortest pathway (H_10 to 267 
H_34 in Fig. 3). Haplotype sharing was evident among the northern Lesser Antillean 268 
Islands, from St. Kitts to Guadeloupe (H_2 in Fig. 3). Over all the samples for L. noctis 269 
and L. barbadensis, the haplotype network distinguishes four groups: 1) the northern 270 
Lesser Antillean islands from St. Kitts to Martinique, 2) Martinique to Grenada, 3) St. 271 
Vincent and Grenada, and 4) L. barbadensis. Separate from these four groups are two 272 
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haplotypes, one representing three individuals from Barbuda (H_13) and from the other, 273 
one individual from Guadeloupe (H_30).  274 
 275 
Demographic analyses 276 
 Only two populations show consistent indications of demographic expansion from 277 
all indices: the endemic L. barbadensis on BA, and L. noctis on St. Vincent (Table 4, Fig. 278 
4). 279 
Mismatch graphs show a unimodal distribution indicative of population 280 
demographic expansion for L. barbadensis, and the L. noctis populations in St. Vincent 281 
(Fig. 4). Time since last expansion calculated from τ values indicate that the sudden 282 
expansion occurred ca. 58,245 years ago (97.5% CI = 28,239 - 94,419) in the L. 283 
barbadensis population, and ca. 97,990 years ago (CI = 0 - 116,096) in the St. Vincent 284 
population (Table 4).  285 
 Tajima’s D and Fu’s FS corroborate a scenario of population expansion in L. 286 
barbadensis, although only significantly for FS (P<0.05). The only other population that 287 
presents a significant negative value of Fu’s FS is L. noctis on St. Vincent. Other 288 
populations present negative and positive values of Tajima’s D and/or Fu’s FS, but none 289 
are significant (Table 4).  290 
 The Bayesian Skyline Plots indicate increase through time in population size in L. 291 
barbadensis, although the 95% confidence intervals are broad, and in three populations of 292 
L. noctis: Martinique, St. Lucia, and St. Vincent (Fig.4). The analysis also suggests a 293 
population decline in L. noctis on Grenada, and demographic stability in all other 294 
populations, including L. portoricencis.  295 
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  296 
DISCUSSION 297 
 298 
 Using a combination of population genetic approaches, this study provides insight 299 
into the demographic and geographic history of bullfinch species among island 300 
populations of the West Indies. Of the three species studied here, the island endemic 301 
populations of L. barbadensis and L. portoricensis are monophyletic. However, the 302 
widespread L. noctis is paraphyletic, with L. barbadensis being deeply nested within the 303 
clade. Island populations of L. noctis are mostly genetically distinct, except for those on 304 
the neighboring islands of St. Kitts and Nevis, which were recently connected by a land 305 
bridge. Genetic divergence between islands occurs within several named subspecies. In 306 
common with other species (e.g. Pil et al. Chapter 1; Crews & Gillespie, 2010; Surget-307 
Groba & Thorpe, 2012), L. noctis exhibits a phylogeographic break between the northern 308 
and southern islands in the Lesser Antilles. We discuss these findings below in more 309 
detail.  310 
Phylogenetic relationships between Loxigilla species 311 
 Our phylogeny is somewhat concordant with previously studies investigating the 312 
relationships among Loxigilla species (i.e. Burns et al., 2002; Mallarino et al., 2012). 313 
Loxigilla portoricensis is distantly related to the L. noctis and L. barbadensis clade. 314 
Although previous broad-scale studies of the Coerebinae have placed L. noctis and L. 315 
barbadensis as sister taxa (e.g., Burns et al. 2014), detailed analyses of many island 316 
populations of Loxigilla in the Lesser Antilles presented here clearly places L. 317 
barbadensis within L. noctis.  318 
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The origin of the Barbados population of Loxigilla has been studied by Lovette et 319 
al. (1999) based on mitochondrial DNA sequences from L. barbadensis and from L. 320 
noctis on St. Lucia (sclateri) and St. Vincent (crissalis). They found the three populations 321 
to be reciprocally monophyletic and suggested that Barbados was colonized in a single 322 
event from either St. Lucia or St. Vincent. Our results are consistent in that Barbados 323 
lineages are distinct enough to indicate that migration to the island is infrequent, and that 324 
the Barbados population likely derived from a single early invasion. However, the 325 
population on Barbados is genetically more closely related to the populations of L. noctis 326 
on Martinique (subspecies noctis) and St. Lucia (subspecies sclateri), and it is clearly 327 
embedded within, rather than being sister to, L. noctis. The lower pairwise FST values 328 
between Barbados and Martinique (0.57) and St. Lucia (0.65), compared to St. Vincent 329 
(0.86) suggests that the source of the L. barbadensis population might have been either 330 
St. Lucia or Martinique.  331 
Phylogeography of L. noctis 332 
Plausibly, following the initial expansion of L. noctis in the Lesser Antilles, 333 
distinct groups of populations formed as movement between the islands decreased: one 334 
group in northern Lesser Antilles extends from St. Kitts to Dominica, a second group 335 
occurs on Martinique and St. Lucia, and a third on St. Vincent and Grenada, with the 336 
Barbados population allied with the Martinique/St. Lucia populations. The haplotype 337 
network also indicates sporadic movement of haplotypes between Martinique and 338 
northern Lesser Antilles (Dominica north), and from St. Lucia south to Grenada.  339 
The bullfinch population on Martinique includes individuals with mitochondrial 340 
haplotypes more closely related to the northern group of islands, but also several that are 341 
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more related to the southern group (St. Lucia through St. Vincent). This pattern of genetic 342 
distribution indicates gene flow occurred after the northern and southern groups became 343 
genetically separated.  344 
Despite some gene flow, a second strong matrilineal phylogeographic break, 345 
supported by both the phylogenetic tree and the haplotype network, occurs between 346 
Dominica and Martinique. Phylogeographic breaks between northern and southern Lesser 347 
Antillean islands are relatively common, and include organisms with different dispersal 348 
abilities (Kaiser et al., 1994; Schneider et al., 2001; Creer et al., 2001; Davies & 349 
Bermingham, 2002; e.g. 2002; Crews & Gillespie, 2010; Surget-Groba & Thorpe, 2012). 350 
The location of the phylogenetic breaks varies among the lineages. For example, the 351 
bananaquit, Coereba flaveola, another member of the Coerebinae, presents a clear 352 
phylogeographic break between St. Lucia and St. Vincent, without any sign of gene flow 353 
between northern and southern groups (Pil et al., Chapter 1). Even though 354 
phylogeographic breaks can occur in the absence of a geographic barrier to gene flow 355 
(Irwin, 2002; Kuo & Avise, 2005), such breaks are clearly associated with water gaps in 356 
the Lesser Antilles. It is striking that the distinctiveness of genetic lineages occurs so 357 
often between northern and southern Lesser Antillean islands, but with no consistency of 358 
where. This apparent shift of where the break occurs renders the phenomenon difficult to 359 
explain.  360 
Demographic patterns 361 
 The demographic patterns exhibited by populations of bullfinches appear 362 
idiosyncratic. Most populations are stable, including that of the Puerto Rican endemic, L. 363 
portoricensis, and almost all L. noctis populations, except the one on St. Vincent, which 364 
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shows signs of expansion. Loxigilla barbadensis also appears to have expanded recently. 365 
Furthermore, the Bayesian Skyline plot and positive values of Tajima’s D and Fu’s FS 366 
suggest that the L. noctis population on Grenada has experienced a recent decline. 367 
 This decline in population size depicted for the L. noctis population on Grenada 368 
might be related to a considerable shrinkage in island size since the Last Glacial 369 
Maximum (LGM). Currently, the islands of the West Indies are likely close to their 370 
historical minimum size because of high sea levels. Grenada nowadays has 371 
approximately 348 Km2 of area. However, during the LGM, Grenada was connected to 372 
the Grenadines, which considerably increased its size, and has since then shrunk almost 373 
2,000 Km2 (Sietze Norder & Kenneth Rijsdijk  , personal communication, but see 374 
Rijsdijk et al. (2014) for bathymetric methods).    375 
 Expansions and contractions of West Indian birds have been discussed since 376 
Ricklefs and Cox’s description of the taxon cycle (Ricklefs & Cox, 1972; 1978). There is 377 
a cyclic nature to populations of West Indian birds. Molecular phylogenetic analyses 378 
have confirmed that Ricklefs and Cox’s taxon cycle stages represent a time sequence that 379 
begins with young taxa that are widespread and undifferentiated (stage I), then passes to 380 
older taxa that are widespread but differentiated (stage II), and finally reaches older 381 
endemic taxa that have fragmented distributions or are single island endemics (stages III 382 
and IV, respectively) (Ricklefs & Bermingham, 2004; Ricklefs, 2010). Recently, Pil et al. 383 
(Chapter 1) have investigated the taxon cycle status of the bananaquit, Coereba flaveola 384 
(Thraupidae: Coerebinae). On the Greater Antillean islands to the west of Hispaniola 385 
(Jamaica and the Cayman Islands), and on the southernmost Lesser Antillean islands of 386 
Saint Vincent and Grenada, bananaquits show evidence of stable populations, whereas 387 
 
 
 
74 
74 
the populations in the northern Lesser Antilles, Puerto Rico, and Hispaniola show clear 388 
signs of expansion. These demographic patterns of expansion characterize a different 389 
taxon-cycle phase of the species in relation to Loxigilla species. Loxigilla noctis falls 390 
within the stage II category, and thus, it is not surprising that most of its populations are 391 
stable, since the species has reached the differentiation phase. 392 
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TABLES 539 
Table 1. Indices of genetic diversity for bananaquit populations: n, number of individuals 540 
sequenced; S, number of segregation sites; h, number of haplotypes; haplotype diversity; 541 
and nucleotide diversity. 542 
 
n S h 
Haplotype 
diversity (hd) 
Nucleotide 
diversity (π) 
Substitution 
model 
Loxigilla barbadensis             
Barbados 26 11 10 0.86 +/- 0.06 0.009 +/- 0.006 HKY 
Loxigilla noctis             
St. Kitts 31 3 3 0.63 +/- 0.05 0.006 +/- 0.004 HKY 
Nevis 29 3 3 0.60 +/- 0.05 0.005 +/- 0.004 HKY+I 
Montserrat 10 5 4 0.78 +/- 0.09 0.009 +/- 0.007 TrN 
Barbuda 12 7 2 0.41 +/- 0.13 0.016 +/- 0.010 HKY 
Antigua 15 1 2 0.51 +/- 0.07 0.003 +/- 0.003 HKY 
Guadaloupe 19 18 10 0.91 +/- 0.04 0.023 +/- 0.013 HKY 
Dominica 14 10 7 0.85 +/- 0.07 0.021 +/- 0.013 HKY+I 
Martinique 14 19 11 0.96 +/- 0.04 0.034 +/- 0.019 GTR 
St. Lucia 14 19 9 0.91 +/- 0.06 0.023 +/- 0.013 HKY+I 
St. Vincent 19 11 5 0.39 +/- 0.14 0.007 +/- 0.005 GTR 
Grenada 27 10 5 0.68 +/- 0.06 0.025 +/- 0.014 HKY+I 
Loxigilla portoricensis             
Porto Rico - EY 17 8 7 0.72 +/- 0.11 0.009 +/- 0.007 HKY+I 
 543 
 544 
 545 
 546 
 547 
 548 
 549 
 550 
 551 
 552 
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83 
Table 2. Pairwise differences between pairs of sampled island populations. FST values are 553 
below the diagonal, and significance of population differentiation is above the diagonal. 554 
+ indicates significant difference between populations (P < 0.05), and – indicates no 555 
significant difference (P > 0.05).  556 
 557 
 
PR BA SK NE MO BU AN GU DO MA SL SV GD 
PR 0 + + + + + + + + + + + + 
BA 0.98 0 + + + + + + + + + + + 
SK 0.99 0.87 0 - + + + + + + + + + 
NE 0.99 0.88 0.02 0 + + + + + + + + + 
MO 0.98 0.84 0.22 0.28 0 + + + + + + + + 
BU 0.98 0.77 0.24 0.29 0.17 0 + + + + + + + 
AN 0.99 0.87 0.23 0.32 0.15 0.23 0 + + + + + + 
GU 0.97 0.75 0.24 0.26 0.15 0.09 0.20 0 - + + + + 
DO 0.98 0.79 0.35 0.38 0.24 0.22 0.31 0.07 0 + + + + 
MA 0.97 0.57 0.54 0.55 0.39 0.27 0.48 0.32 0.39 0 + + + 
SL 0.97 0.65 0.76 0.77 0.67 0.57 0.74 0.56 0.62 0.12 0 + + 
SV 0.98 0.86 0.90 0.91 0.88 0.83 0.91 0.79 0.82 0.66 0.74 0 + 
GD 0.97 0.69 0.76 0.76 0.69 0.63 0.73 0.65 0.67 0.43 0.48 0.23 0 
 558 
 559 
 560 
 561 
 562 
 563 
 564 
 565 
 566 
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Table 3. Results of the analysis of molecular variance (AMOVA) showing how genetic 567 
variation is distributed in Loxigilla noctis, and in a hierarchical AMOVA with all three 568 
species. d.f., degrees of freedom. 569 
 570 
Source of variation d.f. Sum of Squares Variance components Percent of variation 
Loxigilla noctis         
Among populations 10 417.211 2.21026 62.94 
Within populations 193 251.196 1.30153 37.06 
Hierarchical         
Amog groups 2 2205.085 28.25 89.15 
Among populations withing groups 10 417.211 286.65 6.99 
Within populations 234 286.655 1.22 3.87 
 571 
 572 
 573 
 574 
 575 
 576 
 577 
 578 
 579 
 580 
 581 
 582 
 583 
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Table 4. Demographic analyses: Tajima’s D, Fu’s FS, Sum of Squared Deviations (SSD), 584 
raggedness indices (r), and time since most recent expansion (in years) derived from the τ 585 
parameter, including confidence intervals. * indicates statistically significant values (P < 586 
0.05). 587 
 588 
 
Tajima’s D Fu’s FS SSD r time since expansion 
Loxigilla barbadensis 
     
Barbados -1.117 -4.325* 0.002 0.056 58,245 (28,239 - 94,419) 
Loxigilla noctis 
     
St. Kitts/Nevis 1.196 1.232 0.055 0.155 
 
Montserrat -0.279 0.166 0.014 0.062 
 
Barbuda 0.921 5.690 0.228* 0.684 
 
Antigua 1.376 1.253 0.025 0.265 
 
Guadaloupe -0.773 -1.744 0.006 0.021 
 
Dominica 0.787 -0.253 0.031 0.061 
 
Martinique 0.079 -3.075 0.055 0.076 
 
St. Lucia -1.376 -2.117 0.012 0.035 
 
St. Vincent -2.166* -0.613 0.001 0.156 97,990 (0 - 116,096) 
Grenada 2.277 4.383 0.121 0.204 
 
Loxigilla portoricensis 
     
Porto Rico - EY -0.943 -2.010 0.022 0.084 
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FIGURE LEGENDS 589 
 590 
Figure 1. Map of the West Indies. Amplified islands in box correspond to sampled 591 
islands.   592 
 593 
Figure 2. Phylogenetic trees of Loxigilla species. Smaller tree includes all three species of 594 
bullfinches. Upper node values represent Bayesian posterior probability, and lower node 595 
values represent Maximum Likelihood bootstrap values. Larger tree is an enlargement of 596 
the section of the Bayesian phylogenetic analysis that included L. noctis and L. 597 
barbadensis, surrounded by the red rectangle. Node values represent posterior probability 598 
higher than 95%. Branch tips are colored according to island where individual was 599 
collected as per legend.  600 
 601 
Figure 3. Median joining haplotype network of Loxigilla noctis populations and L. 602 
barbadensis. Each circle represents a different haplotype, and each open dot indicates a 603 
mutation between one haplotype and the other. Small red dots between haplotypes 604 
indicate an unsampled or ancestral haplotype state. The size of the circle corresponds to 605 
the number of individuals that share that haplotype according to legend. Each island is 606 
represented by a different color (see legend). Haplotypes origins: H_1: AN; H_2: AN, 607 
BU, GU, MO, NE, SK; H_3 – H_12: BA; H_13: BU; H_14: MO; H_15: DO, GU; H_16: 608 
DO; H_17: DO, GU; H_18 – H_20: DO; H_21: GD, MA, SL, SV; H_22 – H_25: GD, 609 
H_26 – H_32: GU; H_33 – H_35: MA; H_36: MA, MO; H_37: MA; H_38: MA, MO; 610 
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H_39 – H_42: MA; H_43: MO; H_44: NE, SK; H_45: NE, SK; H_46 – H_53: SL; H_54 611 
– H_57: SV.   612 
 613 
Figure 4. Historical demography analyses based on mismatch distributions (left) and 614 
Bayesian Skyline Plots (right) showing changes in bullfinch population size through time 615 
(years). With respect to mismatch distributions, smooth unimodal graphs indicate 616 
population expansion, black lines indicate observed pairwise difference values, and 617 
dashed lines indicate expected values under a population expansion model. Bayesian 618 
Skyline Plots, shaded area = 95% confidence interval, black line = median log (Ne). 619 
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 2 
COMPARATIVE PHYLOGEOGRAPHY AND DEMOGRAPHY OF THE WEST 3 
INDIAN AVIFAUNA 4 
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ABSTRACT 13 
Comparative phylogeography provides a way to incorporate spatial information on 14 
genetic diversity to regional assessments of biodiversity, thereby allowing the 15 
investigation of fundamental relationships between population processes and regional 16 
patterns of diversity and biogeography. Genetic data from several co-occurring species 17 
enables one to determine the influence of geographic, geological, and climatological 18 
events that have had a common influence on current patterns of genetic diversity and 19 
demography. In a group of species of the same region, homogeneous patterns would 20 
likely signify environmental factors might be playing an important role in shaping the 21 
demographic change occurring in the community in question, whereas idiosyncratic 22 
patterns would imply species-specific factors govern the demographic history of the 23 
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95 
community. With an extensive sample collection of nine avian species on 21 islands, this 24 
study investigates phylogeographic and demographic patterns in the West Indies. 25 
Comparative phylogeographic analyses reveal three conspicuous patterns: 1) populations 26 
on larger Greater Antillean islands are generally distinct from those on the smaller Lesser 27 
Antilles; 2) a common phylogeographic break exists between northern and southern 28 
Lesser Antilles, particularly between the islands of St. Lucia and St. Vincent; and 3) 29 
populations on Barbados, a low-lying island to the east of the main Lesser Antilles, are 30 
genetically distinct. Demographic trends revealed by coalescence analyses of 31 
contemporary genetic diversity are highly variable. Island identity is not predictive of 32 
demographic state, species specific behavior predicts the demographic history of the 33 
West Indian avifauna.  34 
 35 
Key words: biogeography, Coereba, Loxigilla, population genetics, Tiaris  36 
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INTRODUCTION 37 
 Phylogeographic analyses reveal relationships between population processes and 38 
regional patterns of diversity and biogeography (Avise 2000). Using genetic data from 39 
several co-occurring species, comparative phylogeographic analyses address questions 40 
concerning geographic, geological, and climatological events that have produced the 41 
current patterns of diversity (Hickerson et al. 2010). Comparative phylogeographic 42 
analyses of several species in a broad geographic range have received much less attention 43 
than single species phylogeographic works; however, it is only by comparing several 44 
species from the same geographic area that one can disentangle the effects of species 45 
characteristics and regional attributes to understand factors that cause demographic 46 
change (Avise 2000). 47 
 Islands are often considered natural laboratories, and studies on islands have greatly 48 
contributed to the development of evolutionary and ecological theory (Ricklefs and 49 
Bermingham 2004; Losos and Ricklefs 2009; Ricklefs and Bermingham 2001). The main 50 
advantage of studying islands instead of continental regions is that species are subdivided 51 
into discrete populations, geographically isolated from other island populations. The 52 
West Indies, which comprise the Bahamans, the Greater and Lesser Antilles, form one of 53 
these unique systems. The Greater Antilles consist of mainly continental fragments that 54 
remained somewhat connected to the North American continent until arriving at their 55 
current positions ca. 30-32 million years ago. In contrast, the Lesser Antilles are mostly 56 
volcanic in origin, and are estimated to be 20–30 million years old (Iturralde-Vinent and 57 
MacPhee 1999; Iturralde-Vinent 2006). One of the Lesser Antillean islands, Barbados, 58 
which is an uplifted marine platform, lies east of the main volcanic arc and is by far the 59 
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youngest island, being about 700 thousand years old (Mesolella 1967). The Lesser 60 
Antillean volcanic arc islands range in size from Guadeloupe (1628 km2) to Saba (13 61 
km2). The contemporary volcanic islands probably originated within the past 20 million 62 
years (Iturralde-Vinent and MacPhee 1999). Volcanic eruptions have occurred on 63 
Montserrat, Martinique, and Saint Vincent during the past century. Most of the Lesser 64 
Antillean islands have been isolated from each other by marine passages through 65 
geological time. None have had land connections to the continent. Some of the Lesser 66 
Antilles lying on shallow marine platforms have been connected during Pleistocene sea 67 
level low stands (Last Glacial Maximum, ca. 20 thousand years ago (kya)): Anguilla, St. 68 
Martin and St. Bartholomew; Guadeloupe and Marie-Galante; Antigua and Barbuda; St. 69 
Kitts, Nevis, and St. Eustatius; Grenada and the Grenadines (Woods and Sergile 2001). 70 
According to Curtis et al. (2001), the Caribbean experienced a cool, arid late glacial 71 
climate, which progressed to a moister, more tropical climate in middle-late Holocene. 72 
 Making use of an extensive sample, we ask whether general phylogeographic and 73 
demographic patterns emerge in an assemblage of birds within a single, large region, in 74 
this case the West Indies archipelago. Genetic indicators of population expansion and 75 
phylogeographic analyses permit an appraisal of changes in population sizes of birds over 76 
time and how their genetic variation is distributed over space, respectively. 77 
Understanding the changes in population size in the context of historical and ecological 78 
factors provides perspective on future change. In an assemblage of species in the same 79 
archipelago, homogeneous patterns would signify that environmental factors might be 80 
playing an important role in shaping the demographic change occurring in the community 81 
in question, whereas idiosyncratic patterns would imply species-specific factors govern 82 
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the demographic history of the community. 83 
 We find common phylogeographic characteristics in West Indians birds, and 84 
discuss them in the light of geology, geography and species-specific terms. Demographic 85 
patterns, on the other hand, show no commonality among the species sampled, and 86 
indicate that species-specific patterns play a more important role in shaping the 87 
demographic fluctuations in the West Indies.    88 
   89 
MATERIALS AND METHODS 90 
 91 
Studied species 92 
 To investigate phylogeography and historical demography, we quantified 93 
mitochondrial genetic variation from nine avian species of five families across 21 islands 94 
(Figure 1, Table 1). The species are Margarops fuscatus (Mimidae); Setophaga petechia 95 
(Parulidae); Coereba flaveola, Loxigilla barbadensis, Loxigilla noctis, Loxigilla 96 
portoricensis and Tiaris bicolor (Thraupidae); Elaenia martinica (Tyrannidae); and Vireo 97 
altiloquus (Vireonidae).   98 
  The representative of the Mimidae, the pearly-eyed thrasher, M. fuscatus, is 99 
endemic to the West Indies, occurring on the Bahamas, Puerto Rico, the Virgin Islands 100 
and the Lesser Antilles down to St. Lucia. It inhabits a variety of habitats at all 101 
elevations, from mangroves to mountain tops (Raffaele et al. 2010). The representative of 102 
the Parulidae, the yellow warbler, S. petechia, is widespread in the West Indies, occurring 103 
on all islands, inhabiting mainly mangroves, but also coastal scrubs in some islands 104 
(Raffaele et al. 2010). The tanagers (Thraupidae) include C. flaveola, the bananaquit, 105 
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which is widespread in the West Indies, except Cuba, and inhabits all types of habitats; L. 106 
barbadensis, a bullfinch endemic to Barbados; L. noctis, the Lesser Antillean bullfinch, 107 
found in the Virgin Islands and all Lesser Antillean islands, except the Grenadines; L. 108 
portoricensis, the Puerto Rican bullfinch, another single-island endemic; and T. bicolor, 109 
the black-faced grassquit, widespread in the West Indies, although rare in Cuba (Raffaele 110 
et al. 2010). The representative of the Tyrannidae, E. martinica, the Caribbean elaenia, 111 
occupies woodlands, scrubs and forests (Raffaele et al. 2010). Finally, Vireonidae is 112 
represented by the black-whiskered vireo, V. altiloquus. The species occupies all types of 113 
forest and is present in almost the entire archipelago, but is a year-round resident only in 114 
Hispaniola and the Lesser Antilles (Raffaele et al. 2010).     115 
 116 
Molecular methods 117 
 Genetic variation in each population of these species was analyzed by sequencing 118 
the mitochondrial genes cytochrome b (CYTB), and NADH dehydrogenase 2 subunit 119 
(ND2) of up to 34 individuals of each species and population, depending on availability 120 
and species distribution, adding up to 1,452 individuals sampled (Table 1). A few species 121 
were collected in two locations within the same island, Puerto Rico, one of the biggest of 122 
the sampled ones. One of these locations is the El Yunque Forest Reserve, a wet forest on 123 
the far northeast of the islands, and the other is the Guanica Forest, a reserve of dry forest 124 
on the far southwest side of the island. For one species, S. petechia, the population was 125 
sampled on Boquerón, at the Refugio de Boquerón, also in the far southwest of the 126 
country. 127 
 Although the genes amplified here represent a single linked locus, the rate of 128 
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nucleotide substitution is high enough to exhibit reciprocal monophyly between island 129 
populations, which is important for establishing independence in population demography. 130 
In demographic analyses of animal populations, mitochondrial DNA has been the locus 131 
of choice mainly because the mitochondrial genome evolves quickly and does not usually 132 
recombine (Ho and Shapiro 2011). The smaller effective population size of mitochondrial 133 
markers provides resolution of demographic changes within a shorter coalescence time 134 
than nuclear markers, as showed by Bellemain et al. (2008) for one of our study species, 135 
C. flaveola.  136 
 Avian blood samples were collected in the West Indies by R. E. Ricklefs and 137 
collaborators from 1991-2013. All samples were collected and transported under the 138 
appropriate permits and licenses. Birds were sampled using standard mist net protocol, 139 
usually between April and August. A small blood sample was collected via brachial 140 
venipuncture, and all birds were released back to the wild after the procedure. Blood 141 
samples were stored at room temperature in 1 ml of Longmire’s lysis buffer (Longmire et 142 
al. 1988). DNA was extracted from blood samples using sodium acetate protein 143 
precipitation followed by DNA isolation via isopropanol precipitation.  144 
Amplification of the two mitochondrial genes was done through polymerase chain 145 
reaction (PCR) in the following manner: the partial CYTB gene (850 bp) was amplified 146 
using primers L14990 (Kocher et al. 1989) and HCERC (Pil et al., Chapter 1). The partial 147 
ND2 gene was amplified using primers H6313 and L5219 (Johnson and Sorenson 1998). 148 
The two gene sequences were concatenated, and total number of base pairs (bp) varied in 149 
different species, and is specified in Results. All PCR amplifications were conducted in 150 
25 μl total volumes using ca. 50 ng template DNA, 0.025 U Taq polymerase, 2 mM of 151 
 
 
 
101 
101 
MgCl2, 0.2 μM of each primer, 1x Buffer, and 0.8 mM of dNTP. PCRs were performed 152 
with the following conditions: 94°C for 2 min (95°C for ND2) followed by 35 cycles of 153 
94°C for 30 s (45 s for ND2), 52°C for 45 s, and 72°C for 1 min, concluding with a 10-154 
min extension at 72°C. Negative controls were included in all sets of PCR reactions to 155 
confirm absence of contaminants, and PCR products were verified by visualization on 156 
1% TAE agarose gels stained with ethidium bromide. Sequencing reactions of forward 157 
gene direction were conducted in the Beckman Coulter Genomics facility (Danvers, MA, 158 
USA), following the manufacturer’s protocol. Contigs were aligned and edited in 159 
Geneious v. 5.6 (Kearse et al. 2012). Chromatograms were checked by eye to confirm 160 
polymorphisms. Haplotype sequences were deposited in GenBank (accession numbers 161 
xxxx-xxxxx). 162 
 163 
Phylogeographic analyses 164 
 Analyses were performed with the combined dataset of the two mitochondrial 165 
genes. Summary statistics were calculated using Arlequin v. 3.5 (Excoffier and Lischer 166 
2010): number of segregating sites (S), number of haplotypes (h), haplotype diversity 167 
(hd) and nucleotide diversity (π). Relationships among and within populations of each 168 
species were inferred through Bayesian and Maximum Likelihood phylogenetic analyses 169 
and median-joining haplotype networks. Maximum Likelihood phylogenetic analyses 170 
were performed using MEGA6 (Tamura et al. 2013), using nucleotide substitution 171 
models selected for each species by jModelTest2 v.2.1.7  (Darriba et al. 2012; Guindon 172 
and Gascuel 2003) and outgroups (Table 2). The most likely tree was computed, and 173 
1,000 bootstrap replicates were performed to assess support for each node. Bootstrap 174 
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values greater than 70% were considered strong support (Hillis and Bull 1993). Bayesian 175 
inference of phylogenetic analyses was done via the CIPRES Science Gateway v.3.3 176 
(Miller, Pfeiffer, and Schwartz 2010). The analyses were implemented using BEAST 177 
v.1.8.1 (Drummond et al. 2012), with 10 million generations sampled every 1,000th 178 
generation. Nodes with posterior probabilities of 0.95 and higher were considered 179 
strongly supported. Trees were generated employing the nucleotide substitution model 180 
selected for each species (Table 2), and a strict molecular clock with a nucleotide 181 
substitution rate of 10-8 per site per generation (Weir and Schluter 2008). The results from 182 
the analysis were analyzed in Tracer v.1.5 for convergence and summarized in 183 
TreeAnnotator v.1.7.2 after dropping 1,000 burn-in states. Minimum spanning haplotype 184 
networks (Bandelt, Forster, and Röhl 1999) were generated with the Network software 185 
v.4.6 (available at http://www.fluxus-engineering.com/sharenet.htm).  186 
 Levels of genetic differentiation among populations (pairwise FST) were estimated 187 
with Arlequin v. 3.5 (Excoffier and Lischer 2010), based on a distance matrix and using 188 
1000 permutations. The phylogeographic structure was further examined with analysis of 189 
molecular variance (AMOVA) in the same software, which provided information on the 190 
proportion of total mtDNA variation distributed within and among populations. 191 
Whenever the number of individuals in a population was too small (<4, see Table 1), we 192 
did not consider that population for pairwise FST and AMOVA analyses, and included 193 
them only in phylogenetic trees and haplotype networks. In some cases, populations from 194 
the continent were included in the analyses as outgroups (see Table 1).  195 
 196 
Demographic analyses  197 
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 For each population, a suite of demographic measures was calculated: Tajima’s D 198 
(Tajima 1989) and Fu’s FS (Fu 1997), along with their level of statistical significance; 199 
and mismatch distribution (Harpending 1994) using Arlequin v. 3.5 (Excoffier and 200 
Lischer 2010). Populations that were represented by less than 10 individuals (Table 3) 201 
were not included in demographic analyses, only in phylogeographic ones.   202 
 The Mismatch Distribution is a frequency graph of all pairwise differences between 203 
DNA sequences (Rogers and Harpending 1992), and includes statistics that test for 204 
sudden population expansion (sum of squared deviation [SSD] and Harpending’s 205 
raggedness index [r]). Populations in long-term equilibrium exhibit multimodal 206 
distributions, whereas recently expanded populations typically exhibit a unimodal 207 
distribution. Graphs of pairwise differences were generated with R (R Core Team, 2014), 208 
using the ggplot2 package (Wickham 2009). R Scripts can be downloaded at 209 
https://github.com/mwpil. Where relevant, the estimated number of generations since 210 
population expansion (τ, generations) was converted to the most recent time-since-211 
expansion (t, years) by solving t = τ/2u (Rogers and Harpending 1992), where u is the 212 
rate of nucleotide substitution at any individual locus in the sequence. t was calculated 213 
using the Mismatch Calculator (Schenekar and Weiss 2011) available at: http://www.uni-214 
graz.at/zoowww/mismatchcalc/mmc1.php. Nucleotide substitution rate was based on the 215 
average sequence divergence per million years of passerine birds estimated by Weir & 216 
Schluter (2008) of 2.07%. Confidence intervals of time since expansion were derived 217 
from the 2.5% and 97.5% quantiles for τ provided by Arlequin. We accepted evidence 218 
of recent population expansion only when supported by two or more demographic 219 
indicators. 220 
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To determine whether attributes of species and islands have influenced the recent 221 
demographic history of West Indian birds, we ran a general linear model relating 222 
population indices of expansion (Fu’s FS and Tajima’s D) to 21 islands for seven 223 
widespread species (see Table 1). Despite the different numbers of individuals sampled 224 
per population, the demographic indices were independent of sample size (D: F = 1.35, df 225 
= 1, P = 0.25; FS: F = 3.71, df = 1, P = 0.06). Therefore, all samples of widespread 226 
species were included in the model. Analyses were run using SAS v.8.12 (GLM 227 
Procedure) (Statistical Analysis System, Cary, North Carolina, USA). 228 
 229 
RESULTS 230 
We present, for each family, the summary statistics: number of haplotypes, 231 
haplotype diversity and nucleotide diversity; as well as relationship between island 232 
populations and/or species. We also describe the demographic patterns observed for each 233 
species. Appendix A, Figures S1 – S9 contain the Mismatch Distribution graphs of all 234 
populations, and Appendix B, Table S1 contains all other demographic analysis results. 235 
  236 
Mimidae (Margarops fuscatus)  237 
The 1,490 bp alignment of concatenated sequences of all 82 samples of pearly-238 
eyed thrasher, M. fuscatus, resulted in 19 distinct haplotypes, diverging at 58 segregating 239 
sites, with haplotype diversity ranging from 0.54 ± 0.12 on Nevis to 0.93 ± 0.12 on 240 
Guadeloupe. Nucleotide diversity ranged from 0.03 ± 0.02 in Guadeloupe to 0.13 ± 0.07 241 
in St. Kitts. Number of haplotypes per island population of each species was lowest in 242 
Nevis, 2, and similar in other populations, averaging 5 (Table 3).  243 
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 Trees from Bayesian inference and Maximum Likelihood shared an identical 244 
topology (Fig. 2). The trees show support for four clades: 1) one consisting of the 245 
individual collected on St. Lucia; 2) another consisting of individuals collected on 246 
Guadeloupe, as well as one of the individuals collected on St. Kitts; and two others 247 
comprising haplotypes present in populations of islands from Puerto Rico to Montserrat, 248 
3) Puerto Rico, Guana, St. Kitts, Nevis and Montserrat; and 4) Puerto Rico, Guana, 249 
Barbuda, St. Kitts, Nevis and Montserrat. The haplotype network (Fig. 3) shows the same 250 
clustering of haplotypes, although we didn’t include the individual sampled in St. Lucia, 251 
because it differs by too many mutations, 34, from the other clusters.  252 
The genetic variation of pearly-eyed thrashers, calculated by an AMOVA, is 253 
evenly distributed between and within populations, occurring 55.20% within and 44.80% 254 
between. Pairwise FST values between populations varied substantially, from 0.381 255 
between St. Kitts and Puerto Rico, to 0.770 between Guadeloupe and Puerto Rico (Table 256 
4). Pairwise comparisons that included the islands of Puerto Rico and Guadeloupe 257 
yielded uniformly high values of FST. The significance values for all pairwise FST 258 
comparisons that included these two islands indicate genetic structure (P < 0.01) between 259 
them and other islands (Table 4). The islands located between Puerto Rico and 260 
Guadeloupe did not present significant genetic structure between them.  261 
None of the populations of pearly-eyed thrasher for which we had enough 262 
samples to perform demographic showed signs of population expansion (Table 3 and 263 
Appendix A, Fig. S1).  264 
 265 
 266 
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Parulidae ( Setophaga petechia )  267 
 The 1,506 bp alignment of concatenated sequences of all 12 populations of the 268 
yellow warbler, S. petechia, resulted in 12 distinct haplotypes, diverging at 40 269 
segregating sites, with haplotype diversity ranging from 0 on Grand Cayman and Jamaica 270 
to 0.8 ± 0.16 in Mexico. Populations on Antigua, Montserrat and Dominica also had 0 271 
haplotype diversity, but only two individuals were collected there; Martinique had a 272 
haplotype diversity of 1, but only two individuals were collected there, and the diversity 273 
was absolute because these two individuals had different haplotypes. Nucleotide diversity 274 
was relatively high and ranged from 0.025 ± 0.032 in Martinique to 0.405 ± 0.255 in 275 
Mexico; the number of haplotypes, on the other hand, was low even on islands for which 276 
we have better sampling numbers, like St. Kitts and Nevis (Table 3).   277 
 Trees from Bayesian inference and Maximum Likelihood presented similar 278 
topologies (Fig. 4). The phylogenetic trees support three distinct clusters: 1) one with 279 
individuals from the Dominican Republic (Hispaniola), Puerto Rico, and all sampled 280 
northern Lesser Antillean islands down to Montserrat, and some individuals from 281 
Barbados; 2) another clade also including the Greater Antillean island of Puerto Rico, 282 
Grand Cayman, Jamaica and Mexico, and the southern Lesser Antillean islands of 283 
Dominica, Martinique and Barbados; and finally, 3) a clade consisting of only Mexican 284 
yellow warblers, S. petechia bryanti (Fig. 4).   285 
 According to node ages of Bayesian phylogenetic tree, the Mexican warblers 286 
diverged from West Indian ones approximately 422 kya (95% C.I. = 265,148 – 601,378). 287 
Clades 1) and 2) described above diverged approximately 100.5 kya (C.I. = 47,108 – 288 
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164,680). Within clade 2), the Greater Antillean islands diverged from the Lesser Antilles 289 
around 60 kya (25,098 – 107,589).   290 
 In the network (Fig. 4), three clusters are evident. One similar to the clade in the 291 
tree with individuals from the Dominican Republic (Hispaniola), Puerto Rico, and all 292 
sampled northern Lesser Antillean islands down to Montserrat, and some individuals 293 
from Barbados (H_1, H_2, H_4, H_6, H_9, H_10); another with the Greater Antillean 294 
islands of Grand Cayman and Jamaica (H_7), and a separate but close Puerto Rican 295 
haplotype (H_3); and a third with the Barbuda individual, and the southern Lesser 296 
Antillean islands of Dominica, Martinique and Barbados (H_5, H_8).   297 
 Most of the genetic variability is distributed among populations, 61%, with the 298 
remaining 39% distributed within populations according to the AMOVA performed. 299 
Populations of this species are highly genetically structured in the West Indies (AMOVA, 300 
P<0.001). Pairwise FST values between populations indicate genetic structure, except 301 
between St. Kitts and Nevis (0.019), and Puerto Rico and Nevis (0) (Table 5).   302 
 Populations on St Kitts and Nevis were the only ones with sufficient sample size 303 
for demographic analyses. St. Kitts showed no genetic variability while Nevis presents 304 
signs of past demographic expansion (Table 3). Mismatch graphs show a unimodal 305 
distribution indicative of population demographic expansion in this population (Table 3 306 
and Appendix A, Fig. S2). Time since last expansion calculated from the τ value 307 
indicates that the sudden expansion occurred ca. 97 kya (C.I. = 15 - 119) (Table 3). In 308 
Nevis, Tajima’s D and Fu’s FS corroborate a scenario of population expansion, although 309 
not significantly for Fu’s FS (P<0.05) (Table 3).  310 
 311 
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Thraupidae  312 
Coereba flaveola 313 
Detailed phylogeography and demographic history of the bananaquit, C. flaveola, 314 
can also be found in one of our previous papers, Pil et al. (Chapter 1).  315 
The concatenated mitochondrial alignment was 1,250 bp long and revealed 101 316 
unique haplotypes with polymorphisms at 231 segregating sites. The number of 317 
haplotypes varied between island populations, from 2 on Little Cayman and Guana to 17 318 
at the El Yunque site in Puerto Rico (Table 3). Haplotype diversity ranged from 0.14 ± 319 
0.08 (Guana, British Virgin Islands and Little Cayman) to 0.95 ± 0.02 (Jamaica) in the 320 
Greater Antilles, and from 0.53 (Dominica and Barbados) to 0.95 ± 0.02 (Grenada) in the 321 
Lesser Antilles (Table 3). Nucleotide diversity was lowest in the Cayman Islands (0.0006 322 
± 0.0004 on Little Cayman; Table 3).  323 
Phylogenetic trees comprise six major clades: Bahamas; Greater Antilles (except 324 
Puerto Rico and British Virgin Islands); Puerto Rico, British Virgin Islands (represented 325 
here by Guana) and the northern Lesser Antilles; St. Vincent and Grenada; and 326 
continental populations, represented here by Trinidad and Venezuela (Fig. 5). Haplotypes 327 
from the island of Barbados comprise a monophyletic clade, which is not strongly 328 
supported in its own right but clearly falls within the northern Lesser Antilles populations 329 
(Fig. 5). The southernmost Lesser Antillean islands of St. Vincent and Grenada also form 330 
a distinct and well-supported clade that is sister to the rest of the Lesser Antillean islands. 331 
Based on node ages inferred from Bayesian tree, the Bahamas clade and the rest 332 
of West Indian island populations diverged approximately 3.7 million years ago (mya, 333 
C.I. = 3 – 4); the Greater Antilles minus Puerto Rico and Guana diverged from the Lesser 334 
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Antilles around 3 mya (C.I. = 2.5 – 3.6); Puerto Rico diverged from the Lesser Antilles 335 
about 976 kya (C.I. = 748 – 1.2); and the northern Lesser Antilles (south to St. Lucia) 336 
diverged from southern Lesser Antilles (St. Vincent and Grenada) about 678 kya (C.I. = 337 
454 – 871).  338 
Haplotypes were not shared between populations of bananaquits on the Greater 339 
Antillean and Lesser Antillean islands, except for the island of Guana, where the 340 
bananaquit population shares one haplotype with all islands north of St. Vincent in the 341 
Lesser Antilles and none with nearby Puerto Rico or other islands in the Greater Antilles. 342 
Greater Antillean islands also shared few haplotypes between islands, whereas 343 
haplotypes were broadly shared across the Lesser Antilles, especially from the northern 344 
islands, south to St. Lucia. The southernmost islands of the Lesser Antilles, St. Vincent 345 
and Grenada, share two haplotypes with each other, but none with the other Lesser 346 
Antillean islands. Haplotype distributions of the Lesser Antilles, including Guana to the 347 
north, are summarized as a median joining network in Fig. 5. This haplotype network is 348 
dominated by one haplotype that occurs on northern Lesser Antillean islands including 349 
Guana, south to St. Lucia, and additionally, has a cluster of individuals from Barbados, 350 
and separately, a cluster of individuals from St. Vincent and Grenada (Fig. 5).  351 
 Strong genetic structure was detected between islands of the archipelago (overall 352 
FST = 0.94, P < 0.001)). AMOVA indicated that 94% of the genetic variation occurs 353 
among populations, with only 6% within populations. Pairwise FST confirmed high levels 354 
of genetic structure between Greater Antillean islands (0.80 < FST < 0.99), not 355 
considering the two Cayman Islands, Cayman Brac and Little Cayman, which despite 356 
being genetically structured (P < 0.05) exhibit a low fixation index (FST = 0.098) (Table 357 
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6). The two populations sampled within Puerto Rico, the southwestern Guanica Forest 358 
(GF) and the northeastern El Yunque (EY) location, are also genetically structured 359 
according to FST (P = 0.02), although the differentiation is minimal (FST = 0.04, Table 3).  360 
Demographic analyses of bananaquit populations on the West Indies reveal a 361 
variety of patterns (Table 3 and Appendix A, Figs. S3 and S4). Populations of 362 
bananaquits in the Bahamas and the western Greater Antillean islands (Jamaica, Cayman 363 
Brac and Little Cayman) show signs of long term stability, whereas eastern Greater 364 
Antillean populations in the Dominican Republic (Hispaniola) and Puerto Rico (Guanica 365 
Forest and El Yunque) show clear signs of expansion in all analyses (Table 3). In the 366 
Lesser Antilles, only the populations on St. Martin, Martinique and the southernmost St. 367 
Vincent and Grenada lack support for demographic expansion (Table 3 and Appendix A, 368 
Fig. S3). Therefore, our analyses suggest that the bananaquit has stable populations both 369 
in west Greater Antilles and southernmost Lesser Antilles, but shows clear evidence of 370 
expansion on Hispaniola, Puerto Rico, and the northern Lesser Antilles. Trinidad, which 371 
is considered here as a continental population because of its size, and its proximity and 372 
recent land connection to Venezuela, also showed evidence of population expansion 373 
(Table 3). Estimated expansion times of island populations dates are 54 kya [Dominican 374 
Republic and Guanica Forest], 29 kya [El Yunque] and 29-77 kya [Dominica, 375 
Guadeloupe] in the northern LA island populations. The youngest evident population 376 
expansions are Trinidad (17 kya) followed by Barbados (24 kya) (Table 3).  377 
 378 
 379 
 380 
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Loxigilla spp.  381 
Detailed phylogeography and demographic history of the bullfinches, Loxigilla 382 
spp., can also be found in one of our previous papers, Pil et al. (Chapter 2). 383 
The 1,479 bp-long alignment of concatenated sequences of all 247 samples for the 384 
three species of Loxigilla resulted in 68 distinct haplotypes, diverging at 176 segregating 385 
sites, with haplotype diversity ranging from 0.39 ± 0.14 on St. Vincent to 0.96 ± 0.04 on 386 
Martinique. Overall, nucleotide diversity was low, ranging from 0.003 ± 0.003 on 387 
Antigua to 0.009 ± 0.007 at El Yunque, Puerto Rico (Table 3). Number of haplotypes per 388 
island population of each species was similar: 10 in L. barbadensis, an average of 6 in L. 389 
noctis, and 7 in L. portoricensis (Table 3).  390 
 Bayesian inference and Maximum Likelihood presented similar topologies (Fig. 391 
6). These support species monophyly for Loxigilla portoricensis and L. noctis; L. 392 
barbadensis is embedded within L. noctis, although its precise placement lacks support 393 
(Fig. 6 and 7). In both topologies, the L. barbadensis clade has strong support. Figure 7 394 
shows the Bayesian tree for just Loxigilla noctis, which encompasses three clades 395 
consistent with the grouping found in the haplotype network. These clades partially 396 
overlap geographically: one extends through island populations from St. Kitts/Nevis 397 
south to Martinique; the second includes individuals from Martinique south to Grenada; 398 
and the third is restricted to individuals from St. Vincent and Grenada, apart from the L. 399 
barbadensis clade (Fig. 7). Most of the relationships between L. noctis haplotypes did not 400 
receive strong statistical support and short inter-nodes characterized most of the branches 401 
among these lineages.  402 
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Estimated node ages in the Bayesian tree suggest that the basal split between L. 403 
portoricencis and the ancestor of L. noctis and L. barbadensis occurred ca. 9.5 mya (C.I. 404 
= 7 – 12). The basal divergence of contemporary haplotypes within the L. portoricensis 405 
clade is approximately 196 kya (C.I. = 69 – 344); L. noctis haplotypes coalesced around 406 
534 kya (C.I. = 365 – 732), and L. barbadensis haplotypes coalesced approximately 158 407 
kya (C.I. = 71 – 262). Both northern (Dominica north) and southern (Martinique south) 408 
radiations of L. noctis coalesce to approximately the same time: 410 kya in the south (C.I. 409 
= 249 – 563) and 375 kya in the north (C.I. = 237 – 542). The divergence between L. 410 
barbadensis and L. noctis took place around 345 kya (C.I. = 209 – 493). 411 
The median-joining haplotype network including L. noctis populations and L. 412 
barbadensis (Fig. 7) provides a clear picture of L. barbadensis genetic isolation. Over all 413 
the samples for L. noctis and L. barbadensis, the haplotype network distinguishes four 414 
groups: 1) the northern Lesser Antillean islands from St. Kitts to Martinique, 2) 415 
Martinique to Grenada, 3) St. Vincent and Grenada, and 4) L. barbadensis. Separate from 416 
these four groups are two haplotypes, one representing three individuals from Barbuda 417 
and from the other, one individual from Guadeloupe. 418 
Bullfinches show extensive intraspecific mitochondrial diversity. AMOVA 419 
indicated a high degree of population structure between L. noctis populations: 68% of the 420 
genetic variation occurs among populations, and 32% within populations. Pairwise FST 421 
values between populations of L. noctis varied substantially, from 0.02 between St. Kitts 422 
and Nevis, to 0.91 between St. Vincent and Antigua, but most values exceeded 0.2 (Table 423 
7). The significance values for all FST comparisons indicate genetic structure (P < 0.01) 424 
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except between the pair of populations on Dominica and Guadeloupe, and the pair on St. 425 
Kitts and Nevis (Table 7).  426 
 Only two populations show consistent indications of demographic expansion from 427 
all indices: the endemic L. barbadensis on BA, and L. noctis on St. Vincent (Table 3). 428 
Mismatch graphs show a unimodal distribution indicative of population demographic 429 
expansion for L. barbadensis, and the L. noctis populations in St. Vincent (Appendix A, 430 
Fig. S5 and S6). Time since last expansion calculated from τ values indicate that the 431 
sudden expansion occurred ca. 58 kya (97.5% CI = 28 – 94) in the L. barbadensis 432 
population, and ca. 98 kya (C.I. = 0 – 116) in the St. Vincent population (Table 3).  433 
 Tajima’s D and Fu’s FS corroborate a scenario of population expansion in L. 434 
barbadensis, although only significantly for FS (P<0.05). The only other population that 435 
presents a significant negative value of Fu’s FS is L. noctis on St. Vincent (Table 3).  436 
 437 
Tiaris bicolor 438 
The concatenated mitochondrial alignment of the 275 grassquit samples was 439 
1,344 bp long, and revealed 59 unique haplotypes with polymorphisms at 56 segregating 440 
sites. Haplotype diversity ranged from 0.25 ± 0.18 in Martinique to 1 in the Dominican 441 
Republic and in El Yunque, Puerto Rico, although these two islands have a low sample 442 
size of 4 and 5, respectively. Nucleotide diversity was lowest in Montserrat (0.008 +/- 443 
0.009) and highest in the Dominican Republic (0.057 +/- 0.044). The number of 444 
haplotypes was generally low, where several islands presented only 2 haplotypes, even 445 
where sampling was reasonably good, in Montserrat, Barbuda, Martinique, and Grenada. 446 
It was highest in St. Vincent, which presented 13 haplotypes (Table 3).  447 
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 Bayesian inference and Maximum Likelihood shared similar topologies (Fig. 8). 448 
Both showed lack of support for most clades. There was support, however, for a group of 449 
individuals from St. Vincent, who formed a clade sister to the rest of the West Indian 450 
populations, which form a large group with no support in the tree (Fig. 8). Within this 451 
unsupported group, the Greater Antillean islands form a distinct clade separate from the 452 
Lesser Antillean islands, except Barbados, which was embedded within this Greater 453 
Antillean clade. However, even though both trees show support for the Barbados clade, 454 
there was none for the Greater Antillean one. Furthermore, other individuals from 455 
Barbados fall outside the well-supported clade. Individuals from Venezuela form a well-456 
supported clade sister to the Greater Antillean group. A few individuals from the Guanica 457 
Forest, in Puerto Rico, also form a well-supported clade.  458 
Estimated node ages in the Bayesian tree suggest that the split between the clade 459 
of T. bicolor individuals from St. Vincent and the rest of the populations is 525,410 years 460 
old (C.I. = 299,554 – 757,375). The St. Vincent clade itself is around 250,636 years old 461 
(C.I. = 60,863 – 434,590). The Puerto Rico clade, for which there is also support, is 462 
estimated to be 63,663 years old (C.I. = 11,541 – 100,524), and the Barbados one, 463 
approximately 73,676 (C.I. = 10,290 – 119,050).  464 
Haplotype distributions of the grassquit populations are summarized as a median 465 
joining network in Fig. 9. This haplotype network is dominated by one haplotype (H_18) 466 
that occurs on all islands, except Jamaica and Dominican Republic. Many island 467 
populations additionally have private haplotypes that differ from the most common 468 
haplotype by a single mutation (e.g., H_20, H_21, H_40, H_42). On the other hand, other 469 
haplotypes occur on multiple islands instead of being restricted to a single one (e.g., 470 
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H_22, H_29, H_33, H_44). Another conspicuous characteristic of this network is the 471 
presence of several haplotypes from the St. Vincent population that differ considerably 472 
from the other haplotypes (i.e. H_50, 51, 52, 56) by several mutations. The haplotypes 473 
from the Jamaican and Hispaniola populations cluster together, also with haplotypes from 474 
Barbados.  475 
The percentage of genetic variation of grassquits in the West Indies, calculated by 476 
an AMOVA, is allocated mostly within populations, 73.34% against 26.66% between. 477 
Strong genetic structure was detected between islands of the archipelago (overall FST = 478 
0.266, P < 0.001). Pairwise FST values between populations of grassquits varied 479 
substantially, from 0.653 between Dominican Republic and Barbuda, to 0 between 480 
islands of the Lesser Antilles (Table 8).  481 
Pairwise FST values, which indicate genetic structure or the lack thereof between 482 
populations, agree with the scenario of population clustering described in the haplotype 483 
network. The values show there is no genetic structure between the populations of 484 
grassquit in Jamaica and the Dominican Republic, in the island of Hispaniola (FST = 0.12, 485 
P>0.05), but there are uniformly high degrees of genetic structure between these islands 486 
and all others sampled in the archipelago (0.368< FST >0.653, P<0.05). The two 487 
populations sampled within Puerto Rico, the southwestern Guanica Forest and the 488 
northeastern El Yunque location, are not genetically structured (FST = 0, P>0.05). The 489 
Guanica Forest population is genetically distinct from almost all other populations 490 
sampled, except Dominica and Martinique, in the Lesser Antilles. Lesser Antillean 491 
islands show a pattern of high similarity amongst each other (0 < FST < 0.539), where 492 
most pairwise values are not significant (P>0.05) (Table 8).  The southernmost islands of 493 
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Grenada and Barbados in the Lesser Antilles, on the other hand, are genetically structured 494 
with most other islands, indicating a break in gene flow between these islands and the one 495 
northwards (Table 8).  496 
The populations on Antigua, Nevis and the Guanica Forest, in Puerto Rico, are the 497 
only ones that showed consistent indications of demographic expansion (Table 3 and 498 
Appendix A, Fig. S8). Based on the τ value from the mismatch distribution analyses, the 499 
expansion occurred around 79 kya (97.5% CI = 0 – 116,096) in Antigua, around 34 kya 500 
(0 – 72,931) in Nevis, and approximately 70 kya (2,804 – 132,958) in Puerto Rico (Table 501 
3). Appendix A, Figure S7 contains the Mismatch Distribution graphs of all populations. 502 
 503 
Tyrannidae (1 species, Elaenia martinica)  504 
 505 
Elaenia martinica 506 
The concatenated mitochondrial alignment of the 127 samples of Caribbean 507 
elaenia was 1,441 bp long and revealed 28 unique haplotypes with polymorphisms at 54 508 
segregating sites. The number of haplotypes varied between island populations, from 1 on 509 
Barbuda, Guana and Little Cayman to 5 on Dominica, Martinique and Nevis. Haplotype 510 
diversity ranged from 0, where we found only 1 haplotype (Barbuda, Guana and Little 511 
Cayman) to 0.833 (Dominica and Guadeloupe), not considering Antigua, where 512 
haplotype diversity was 1 because we sampled only 2 individuals with different 513 
haplotypes. Nucleotide diversity was lowest where we found only 1 haplotype (Barbuda, 514 
Guana and Little Cayman), and as high as 0.080 +/- 0.060 in Guadeloupe (Table 3).  515 
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Phylogenetic analyses conducted with Bayesian inference and Maximum 516 
Likelihood agree with support for the same major clades. The Greater Antillean 517 
population in Little Cayman forms a well-supported clade sister to the Lesser Antillean 518 
population, within which there is a well-supported clade of all individuals from St. 519 
Vincent, sister to a clade of the Barbados and Guadeloupe population and the rest of the 520 
Lesser Antilles. Individuals from the Puerto Rican population (Guanica Forest, GF) are 521 
embedded within the Lesser Antillean clade (Fig. 10). 522 
Node ages on Bayesian tree indicate the split between E. flavogaster and E. 523 
martinica is approximately 8.5 million years (C.I. = 6,708,316 – 10,793,954). Within E. 524 
martinica, the Little Cayman clade and the rest of the Caribbean elaenia populations 525 
diverged about 948 kya (C.I. = 616,700 – 1,329,400). The Saint Vincent clade diverged 526 
from all other Lesser Antilles plus Puerto Rico about 303 kya (C.I. = 172,044 – 458,161). 527 
Within the Lesser Antillean clade is Barbados, which coalesced about 60 kya (C.I. = 528 
13,208 – 78,024).  529 
Haplotype network shows the geographical distribution of haplotypes on 530 
populations of Caribbean elania (Fig. 11). Haplotypes were not shared between the 531 
Greater Antillean populations of Caribbean elanias on the Cayman Islands (Cayman Brac 532 
and Little Cayman) and population on other islands. The other Greater Antillean 533 
population, on Puerto Rico, shared haplotypes with Lesser Antillean islands. The 534 
haplotypes on Barbados form a distinct cluster, and shares one of the haplotypes with an 535 
individual from Guadeloupe. The population on St. Vincent also forms a distinct cluster 536 
(Fig. 11).  537 
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 Strong genetic structure was detected between islands of the archipelago (overall 538 
FST = 0.90, P < 0.001). AMOVA indicated that 90% of the genetic variation occurs 539 
among populations, with only 10% within populations. Pairwise FST confirmed high 540 
levels of gene flow between the two islands in the Cayman group, Cayman Brac and 541 
Little Cayman (FST = 0, P<0.001). Most of the populations within Lesser Antilles are also 542 
genetically structured (Table 9).  543 
Demographic analyses of Caribbean elaenia populations in the West Indies reveal 544 
no signs of expansion on any population (Table 3 and Appendix A, Fig. S8 for mismatch 545 
distribution graphs).  546 
 547 
Vireonidae (1 species, Vireo altiloquus)  548 
 549 
The concatenated mitochondrial alignment of the 107 samples of black-whiskered 550 
vireos was 1,230 bp long and revealed 41 unique haplotypes with polymorphisms at 94 551 
segregating sites. The number of haplotypes varied between island populations, from 2 on 552 
Antigua and Montserrat to 13 on St. Lucia. Haplotype diversity was high, ranging from 553 
0.471 +/- 0.130 on St. Kitts to 1 on Grenada and Martinique, where we found different 554 
haplotypes in all samples collected. Nucleotide diversity was lowest in St. Kitts (0.008 555 
+/- 0.007), and as high as 0.418 +/- 0.317 on Grenada (Table 3).  556 
Bayesian inference and Maximum Likelihood trees agree with the same well-557 
supported clades, separating black-whiskered vireos in the West Indies into two main 558 
clades, 1) one that includes populations from all Greater Antillean islands and a few 559 
individuals from Lesser Antillean populations and 2) another with Lesser Antillean 560 
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populations and one individual from Puerto Rico. Within clade (1), there is one well-561 
supported clade with the Greater Antillean populations from Puerto Rico and Little 562 
Cayman, sister to an individual from Barbados. This clade is sister to a clade consisting 563 
of haplotypes of vireos from Saint Vincent and Grenada, in one cluster, and an individual 564 
from Martinique. Within clade (2), are the populations from the Lesser Antillean islands 565 
of Montserrat, Barbuda, Antigua, one individual from Grenada, and several from 566 
Barbados, sister to a group of individuals from Saint Kitts and Nevis and one individual 567 
from Antigua (Fig. 12).  568 
Estimated node ages in the Bayesian tree suggest that the split between clades (1) 569 
and (2) is approximately 2.3 million years old (C.I. = 1.6 – 3). Clade (1), which includes 570 
the Greater Antillean islands and the southernmost islands of Martinique, St. Vincent and 571 
Grenada, is around 1.2 million years old (C.I. = 802,948 – 1.6). Within it, the St. Vincent, 572 
Grenada and Martinique clade is approximately 764 thousand years old (C.I. = 442 – 573 
1,033,660), and the St. Vincent and Grenada group is around 16 thousand years old. 574 
Clade (2), which includes the Lesser Antillean islands and a Puerto Rican individual, is 575 
around 622 thousand years old (C.I. = 346 – 863). Within it, the Lesser Antillean group is 576 
around 301 thousand years old (C.I. = 154 – 381).  577 
Haplotype distributions of the Lesser Antillean black-whiskered vireo populations 578 
are summarized as a median joining network in Fig. 13. This haplotype network is 579 
dominated by two haplotypes (H_1 – H_5) that together occur on all Lesser Antillean 580 
islands. The populations on Martinique, St. Lucia and Barbados have many private 581 
haplotypes that are unique to that island (e.g. H_7 – H_9 (MA), H_20 – H_29 (SL), H_11 582 
– H_17 (BA). The populations on St. Vincent and Grenada are not present in this network 583 
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because they cluster with Greater Antillean populations that are too many mutations 584 
different from the other Lesser Antillean populations. There is, however, one haplotype, 585 
from an individual captured in Grenada (H_30), which is more closely related to other 586 
Lesser Antillean islands.   587 
The percentage of genetic variation of black-whiskered vireos in the West Indies, 588 
calculated by AMOVA, is allocated mostly among populations, 76.63%, against 23.37% 589 
within. Strong genetic structure was detected between islands of the archipelago (overall 590 
FST = 0.766, P < 0.001). Pairwise FST values between populations varied substantially. 591 
The populations on El Yunque, in Puerto Rico, and the one on St. Vincent are highly 592 
structured in comparison to all other populations (0.651 < pairwise FST > 0.980, P<0.05). 593 
Pairwise values between Lesser Antillean populations also showed presence of genetic 594 
structure, but in lower degrees (0 < FST > 0.677), and a few pairs of populations are not 595 
structured (St. Kitts – Nevis, Barbados – Antigua, Martinique, St. Lucia) (Table 10). 596 
The populations on Barbados and St. Kitts are the only ones that showed 597 
consistent indications of demographic expansion (Table 3 and Appendix A, Fig. S7). 598 
Based on the τ value from the mismatch distribution analyses, the expansion occurred 599 
around 24 kya (97.5% CI = 0 – 48,544) in St. Kitts, and approximately 131 kya (53,375 - 600 
174,894) in Barbados (Table 3). Appendix A, Figure S9 contains the Mismatch 601 
Distribution graphs of all populations.  602 
 603 
 604 
 605 
 606 
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Effect of island and species on demographic patterns 607 
 608 
 Island identity did not influence either demographic index: D (df = 20, F = 4.16, P 609 
= 0.07) or FS (df = 20, F = 1.25, P = 0.24). However, both these indices varied 610 
significantly among species: D (df = 6, F = 4.16, P = 0.001) and FS (df = 6, F = 5.04, P = 611 
0.0003). The species influence on demographic parameters is mainly driven by C. 612 
flaveola, which has more populations with lower values of D and FS (Table 11; Appendix 613 
A, Figs. S10 and S11). 614 
 615 
DISCUSSION 616 
 617 
Phylogeographic patterns 618 
 Phylogeographic data exhibit three prominent patterns: 1) populations on Greater 619 
Antillean islands are mainly distinct from Lesser Antillean ones, 2) populations on 620 
Barbados are usually monophyletic or distinct from populations on other Lesser Antillean 621 
islands, and 3) many species have a phylogeographic break between northern and 622 
southern Lesser Antillean islands (mainly between St. Lucia and St. Vincent). We discuss 623 
these three points in more detail separately.  624 
 625 
Phylogeographic patterns on Greater Antillean islands 626 
 In the six widespread species sampled in our study, only two showed no 627 
phylogeographic distinction between Greater and Lesser Antillean island populations, M. 628 
fuscatus and S. petechia. The other four species populations present differentiation of 629 
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Greater Antillean islands of different degrees. Unlike many other widespread avian 630 
species in the West Indies archipelago (Ricklefs and Cox 1972, Ricklefs and 631 
Bermingham 2007, Ricklefs 2010), S. petechia doesn’t show a stepping-stone 632 
colonization model, having colonized the archipelago at least twice from different 633 
sources, South and Central America (Klein et al. 1994). The West Indian mimids, on the 634 
other hand, including M. fuscatus, are an example of indigenous radiation (Hunt et al. 635 
2001), where gene flow between Puerto Rico in the Greater Antilles and Lesser Antillean 636 
islands still occurs. 637 
The Greater Antilles is composed of mainly large, mountainous, old islands with a 638 
complex geological origin (Iturralde-Vinent 2006; Iturralde-Vinent and MacPhee 1999). 639 
Iturralde-Vinent (2006) suggests the proto-Greater Antilles first emerged as separate 640 
fragments and that each of the major Greater Antillean islands consists of several 641 
fragments, with some parts having been connected in the past. However, the connectivity 642 
of the major Greater Antillean islands, such as that between Hispaniola and Jamaica, 643 
ended with the dissipation of the GAARlandia (Greater Antilles + Aves Ridge), around 644 
30-32 million years ago. Therefore, these geological events would have no influence in 645 
the patterns of affinity between islands among contemporary bird species, such as found 646 
in C. flaveola and T. bicolor.  647 
The Cayman Islands, too, are old, low-lying, mainly sedimentary islands that have 648 
probably never been connected to the Greater Antilles (Iturralde-Vinent and MacPhee 649 
1999). Therefore, haplotype sharing between the Cayman Islands and Jamaica found in 650 
E. martinica is likely due to overwater dispersal.  651 
In general, we found that populations on the Greater Antilles were genetically 652 
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structured among islands, and also were genetically distinct from populations in the 653 
Lesser Antilles, except for Puerto Rico and Guana, in the British Virgin Islands, which, in 654 
several species, had extensive haplotype sharing with populations on the Lesser Antillean 655 
islands, such as with E. martinica, M. fuscatus, S. petechia, and T. bicolor (see 656 
phylogenetic trees). In fact, populations on Guana of C. flaveola are more genetically 657 
similar to populations in the Lesser Antilles than to birds on Puerto Rico (Pil et al. 658 
Chapter 1), despite Guana having been connected to Puerto Rico when sea levels were 659 
lower during the Last Glacial Period (Iturralde-Vinent and MacPhee 1999).   660 
The distinction of Greater Antillean island populations is not surprising given the 661 
high number of avian species endemics in these islands (Dalsgaard et al. 2014), which is 662 
often the result of population isolation and differentiation.  663 
 664 
Phylogeographic breaks in Lesser Antilles 665 
 We considered the phylogeography of seven wide-spread species in the Lesser 666 
Antilles, C. flaveola, E. martinica, L. noctis, M. fuscatus, S. petechia, T. bicolor and V. 667 
altiloquus. We found phylogeographic breaks between the islands of St. Lucia and St. 668 
Vincent for four of these species, spanning a mean divergence time frame between 303 to 669 
764 thousand years (Table 12, Fig. S12). Loxigilla noctis show a phylogeographic break 670 
between Dominica and Martinique. The two other widespread species, M. fuscatus and S. 671 
petechia, also show evidence of a phylogeographic break between northern and southern 672 
Lesser Antillean islands (Guadeloupe/St. Lucia and Martinique/Dominica, respectively), 673 
but we don’t have samples from islands between breaks to determine the exact location. 674 
The heterogeneity in the location of these breaks, where most are located between St. 675 
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Lucia and St. Vincent was confirmed by a G-test (G = 9.25, df = 3, P=0.02).  676 
The phylogeographic breaks found here are also highly correlated with high 677 
values of pairwise FST values for these species (non-parametric one-way ANOVA, F = 678 
3.49, df = 3, P = 0.04). When comparing the level of genetic differentiation (pairwise FST) 679 
of populations in adjacent islands between Guadeloupe and St. Vincent, one is more 680 
likely to also find a phylogeographic break between islands where populations have high 681 
levels of genetic differentiation.   682 
Other species of birds also show genetic disjunctions between northern and 683 
southern islands of the Lesser Antilles: the forest thrush, Cichlherminia lherminieri 684 
(between Guadeloupe/Dominica) (Arnoux et al. 2014); the scaly-breasted thrasher 685 
Margarops fuscus (Dominica/Martinique); the rufous-throated solitaire, Myadestes 686 
genibarbis (Dominica/Martinique); the Lesser Antillean flycatcher, Myiarchus oberi 687 
(Dominica/Martinique); and the Lesser Antillean saltator, Saltator albicollis 688 
(Dominica/Martinique) (Ricklefs and Bermingham 2001, Ricklefs and Bermingham 689 
2007) (Table 12). Additionally, a phylogeographic break between northern and southern 690 
Lesser Antillean islands has been found for several other organisms, such as the Dryas 691 
iulias butterfly (St. Lucia/St. Vincent) (Davies and Bermingham 2002), the 692 
Eleutherodactylus frog (St. Lucia/St. Vincent) (Kaiser, Green, and Schmid 1994), Anolis 693 
lizards (Dominica/Martinique) (Schneider, Losos, and de Queiroz 2001), and the gecko 694 
Sphaerodactylus vincenti (Dominica/Martinique) (Surget-Groba and Thorpe 2012).  695 
 Even though most of phylogeographic breaks in these species occur either 696 
between Dominica and Martinique or between St. Lucia and St. Vincent, there is no 697 
apparent reason for a phylogeographic break in these specific locations. The islands 698 
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between Guadeloupe and St. Vincent reside within a part of the archipelago where islands 699 
have always been isolated and never have had contact with other islands, even when sea 700 
levels were as much as 120 meters lower than at present about 26,000 years ago 701 
(Fairbanks 1989) during the Last Glacial Period. A bathymetric map of the Lesser 702 
Antilles shows how islands would have been connected when sea levels were 100 m 703 
below current level (Fig. 14); islands from St. Lucia north to Guadeloupe are separated 704 
by deep-water channels. Thus, even though phylogeographic breaks are all situated 705 
between deep-sea channels, there is no physical features between Dominica and 706 
Martinique, or between St. Lucia and St. Vincent, would create a bigger barrier to avian 707 
dispersal than between any of the other islands in that region.  708 
Islands between Guadeloupe and St. Vincent along the Lesser Antillean volcanic 709 
arc are also similar in habitat and elevation (Ricklefs and Lovette 1999). Although 710 
volcanic activity continues to affect its current avifauna, this probably has a minimal 711 
effect on species communities in general (Dalsgaard et al. 2007).  712 
With respect to variation in the propensity of avian lineages to diversify in 713 
different archipelagoes, Ricklefs and Bermingham (2007) suggested that secondary 714 
sympatry of divergent genetic lineages in the Lesser Antilles might be constrained by 715 
island host-specific pathogens that prevent co-occurrence of allopatric divergent 716 
populations. The inability of divergent populations of the same species to support 717 
between-island migration might have a similar basis, although we have no information on 718 
endemic pathogens that might prevent the mixing of island populations of hosts, or an 719 
explanation for why phylogeographic breaks and reduced gene flow should occur 720 
between particular pairs of islands in a variety of different species.  721 
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Genetic distinctiveness in Barbados 722 
Populations of most species of birds on Barbados show a high degree of 723 
mitochondrial distinctiveness. We have samples for six species from Barbados (C. 724 
flaveola, E. martinica, L. noctis, S. petechia, T. bicolor and V. altiloquus). Of these, three 725 
have monophyletic populations in Barbados, which share no haplotypes with other Lesser 726 
Antillean populations: C. flaveola; L. noctis, which is considered a different species (L. 727 
barbadensis), although we find evidence of low genetic divergence between them (Pil & 728 
Ricklefs, Chapter 2); and E. martinica. The sampled population of T. bicolor in Barbados 729 
forms a distinct cluster as evidenced in the species haplotype network and phylogenetic 730 
tree, but there is also evidence of admixture with other populations, mainly due to a 731 
dominant haplotype that occurs on all islands sampled. Only for the two other species, V. 732 
altiloquus and S. petechia, there is no evidence of complete distinctiveness of Barbados 733 
haplotypes.  734 
Even though the only endemic bird species in Barbados is L. barbadensis, the 735 
genetic distinctiveness of avian populations in Barbados has also been reported by 736 
Monceau et al. (2013) with respect to the Zenaida dove (Zenaida aurita), and Lovette et 737 
al. (1999) with respect to T. bicolor and Columbina passerina. Further evidence of 738 
Barbados distinctiveness is seen in the sexual monomorphy of Lesser Antillean 739 
bullfinches, L. barbadensis, which are sexually dimorphic everywhere else in the 740 
archipelago (P. A. Buckley and Buckley 2004). 741 
This distinctiveness of Barbados populations makes sense in the light of the 742 
different geological isolation and timing of the island’s uplift. The island is much 743 
younger than other Lesser Antillean islands (~700,000 years) and is not volcanic. In its 744 
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early history, the island was formed by a combination of coral reefs and low-lying small 745 
islands, which were periodically rebuilt because of sea-level changes that eroded and 746 
submerged some of their area (Mesolella 1967). Barbados sits 150 km east of the main 747 
Windward Islands, outside of the trade winds circulation. Also, unlike the volcanic 748 
Antillean-arc islands, vegetation in Barbados is typical of dry environments and lacks 749 
moist forest (P. A. Buckley and Buckley 2004).  750 
All these differences might play a role in the genetic distinctiveness of Barbados, 751 
colonization time on Barbados must have been later than in older Lesser Antillean 752 
islands, and gene flow between this island and others might be suppressed by the distance 753 
between them.  754 
 755 
Demographic patterns 756 
Demographic analyses reveal a variety of patterns in the archipelago. Because 757 
island identity is not predictive of demographic state, it is unlikely that island-specific 758 
factors affecting several populations on a given island are influencing population 759 
demography. Such factors might include localized influences, such as hurricanes or 760 
volcanic eruptions, or the localized emergence of diseases or introduction of predators 761 
with broad host effects. 762 
In our analysis, demographic patterns of individual island populations varied 763 
significantly among species. Fahey et al. (2012) also found contrasting patters of 764 
demographic history in bird species in Hispaniola; most of the resident species showed 765 
signs of stable populations (Elaenia fallax, Loxigilla violacea, Myiarchus stolidus, 766 
Turdus plumbeus,   Microligea palustris, Phaenicophilus palmarum and Spindalis 767 
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dominicensis), while three species (Coereba flaveola,   Columbina passerine and Todus 768 
subulatus) exhibited indications of recent population expansion.  769 
In our study, heterogeneity among species resulted from expansion of populations 770 
of the bananaquit Coereba flaveola on most islands. In particular, the genetic uniformity 771 
of populations from St. Lucia north through the Virgin Islands suggests a recent 772 
geographic expansion of that population within the northern Lesser Antilles, which is 773 
reflected in local demographic signatures of expansion from recent colonization, i.e., 774 
founder effects. 775 
Species populations have a cyclic nature in the West Indies, as shown for several 776 
species (Ricklefs and Cox 1972; Ricklefs and Cox 1978; Ricklefs and Bermingham 777 
1999), including the bananaquit (Coereba flaveola, Pil et al. Chapter 1). Populations 778 
expand and contract over the geography of the archipelago, which undoubtedly creates a 779 
signal in the demographic history of individual island populations. The causes of taxon 780 
cycles are unknown, however the idiosyncratic nature of distribution and phylogeography 781 
suggests that the stages of expansion and contraction that species go through might be 782 
associated to co-evolutionary relations with specialized predators, parasites, and 783 
competitors (Ricklefs and Bermingham 2002).  784 
 785 
CONCLUSIONS 786 
 Several common patterns were revealed in the phylogeography and historical 787 
demography of the West Indies avifauna; populations on larger Greater Antillean islands 788 
are generally distinct from those on the smaller Lesser Antilles; a common 789 
phylogeographic break exists between northern and southern Lesser Antilles, particularly 790 
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between the islands of St. Lucia and St. Vincent; populations on Barbados are genetically 791 
distinct; and demographic trends are not predicted by island identity, and species vary in 792 
the way they behave demographically within the same island.  793 
 While this study provides important insights into the patterns of phylogeography 794 
and historical demography found in avian species in the West Indies, further investigation 795 
into factors that govern the common patterns found here are warranted for a better 796 
understanding of the extrinsic and intrinsic influences on the evolution of island biota.  797 
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 Table 1. Number of individuals collected per species in each sampled population on 
islands of the West Indies. Species acronyms: CFA, Coereba flaveola; TBI, Tiaris 
bicolor; SPE, Setophaga petechia; EMA, Elaenia martinica; LNO, Loxigilla noctis; 
LPO, Loxigilla portoricensis; LBA, Loxigilla barbadensis; MFT, Margarops fuscatus; 
VAL, Vireo altiloquus. Greyed cells are continental populations. 
  CFA TBI SPE EMA LNO LPO LBA MFT VAL 
Eleuthera, Bahamas (BH) 19 - - - - - - - - 
Grand Cayman (GC) - - 7 - - - - - - 
Cayman Brac (CB) 27 - - 17 - - - - - 
Little Cayman (LC) 28 - - 6 - - - - 1 
Jamaica (JA) 31 21 7 - - - - - - 
Dominican Republic, Hispaniola (DR) 31 4 1 - - - - - - 
Puerto Rico, El Yunque (EY) 30 5 - - - 17 - - 7 
Puerto Rico, Guanica Forest (GF) 30 23 - 10 - - - 20 - 
Puerto Rico, Boqueron (RB) - - 9 - - - - - - 
Guana, British Virgin Islands (BVI) 30 10 - 3 - - - 20 - 
Saint Martin (SM) 19 - - - - - - - - 
Saint Kitts (SK) 30 25 12 13 31 - - 9 18 
Nevis (NE) 34 32 10 12 29 - - 8 18 
Barbuda (BU) 15 12 2 11 12 - - 1 1 
Antigua (AN) 15 15 2 2 15 - - - 5 
Montserrat (MO) 20 9 2 1 10 - - 17 3 
Guadeloupe (GU) 21 9 - 4 19 - - 6 - 
Dominica (DO) 10 7 2 9 14 - - - - 
Martinique (MA) 12 8 2 11 14 - - - 4 
Saint Lucia (SL) 21 23 - 5 14 - - 1 20 
Barbados (BA) 29 21 9 14 - - 26 - 20 
Saint Vincent (SV) 26 33 - 9 19 - - - 7 
Grenada (GD) 30 15 - - 27 - - - 3 
Trinidad (TR) 26 - - - - - - - - 
Mexico (MEX) - - 5 - - - - - - 
Venezuela (VE) 7 3 - - - - - - - 
Total n 541 275 73 127 204 17 26 82 107 
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Table 2. Substitution models used for Maximum Likelihood and Bayesian phylogenetic 
trees, and the correspondent outgroups used for those analyses. 
Species Substitution model Outgroup  
Coereba flaveola GTR + G 
Loxigilla portoricensis and Melanospiza 
richardsoni 
Elaenia martinica HKY + G Elaenia flavogaster 
Loxigilla spp. HKY Coereba flaveola 
Margarops fuscatus GTR + G Cinclocerthia guturralis 
Setophaga petechia GTR + I S. petechia bryanti (Mexico) 
Tiaris bicolor HKY + G + I Melanospiza richardsoni 
Vireo altiloquus GTR + I + G Vireo latimeri 
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Table 3. Indices of genetic diversity for bananaquit populations: n, number of individuals 
sequenced; S, number of segregation sites; h, number of haplotypes; hd, haplotype 
diversity; and π , nucleotide diversity. Demography indicates populations that show signs 
of expansion (in pink) or stability (green), cells in white represent populations for which 
demographic analyses were not done. 
island species n S h hd π demography 
ELE CFA 19 6 5 0.46 +/- 0.13 0.003 +/- 0.003   
GC SPE 7 0 1 0.00 0.00   
LC EMA 6 0 1 0.00 0.00 
 
  CFA 28 1 2 0.14 +/- 0.08 0.0006 +/- 0.001   
CB EMA 17 1 2 0.22 +/- 0.12 0.004 +/- 0.006   
  CFA 27 3 5 0.54 +/- 0.10 0.003 +/- 0.002   
JA SPE 7 0 1 0.00 0.00 
 
 
CFA 31 22 16 0.95 +/- 0.02 0.020 +/- 0.011   
  TBI 21 12 12 0.90 +/- 0.05 0.038 +/- 0.025   
DR CFA 31 13 11 0.76 +/- 0.08 0.007 +/- 0.005   
  TBI 4 6 4 1.00 +/- 0.18 0.057 +/- 0.044   
PR (RB) SPE 9 6 3 0.64 +/- 0.13 0.040 +/- 0.029 
 
PR (EY) VAL 7 40 3 0.52 +/- 0.21 0.122 +/- 0.072 
 
 
CFA 30 28 17 0.93 +/- 0.03 0.018 +/- 0.010   
 
LPO 17 8 7 0.72 +/- 0.11 0.010 +/-  0.007   
 
TBI 5 3 4 1.00 +/- 0.13 0.023 +/- 0.020 
 
PR (GF) MFT 20 14 6 0.75 +/- 0.08 0.057 +/- 0.034   
 
EMA 10 1 2 0.20 +/- 0.15 0.004 +/- 0.006   
 
CFA 30 20 16 0.84 +/- 0.06 0.008 +/- 0.005   
  TBI 23 18 12 0.86 +/- 0.06 0.043 +/- 0.027   
BVI MFT 20 13 5 0.65 +/- 0.09 0.083 +/- 0.047   
 
EMA 3 0 1 0.00 0.000 
 
 
CFA 30 22 2 0.14 +/- 0.08 0.012 +/- 0.007   
  TBI 10 4 3 0.51 +/- 0.16 0.021 +/- 0.017   
SM CFA 19 5 4 0.58 +/- 0.11 0.005 +/- 0.003   
SK MFT 9 19 5 0.81 +/- 0.12 0.131 +/- 0.077 
 
 
SPE 12 0 1 0.00 0.000 
 
 
EMA 13 5 3 0.69 +/- 0.07 0.044 +/- 0.029   
 
VAL 18 5 4 0.47 +/- 0.13 0.008 +/- 0.007   
 
CFA 30 10 11 0.90 +/- 0.03 0.007 +/- 0.004   
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LNO 31 3 3 0.63 +/- 0.05 0.006 +/- 0.005   
  TBI 25 9 6 0.53 +/- 0.11 0.017 +/- 0.014   
NE MFT 8 13 2 0.54 +/- 0.12 0.120 +/- 0.072 
 
 
SPE 10 9 3 0.38 +/- 0.18 0.045 +/- 0.032   
 
EMA 12 7 5 0.82 +/- 0.07 0.040 +/- 0.027   
 
VAL 18 2 3 0.52 +/- 0.11 0.006 +/- 0.006   
 
CFA 34 8 9 0.81 +/- 0.04 0.006 +/- 0.004   
 
LNO 29 3 3 0.61 +/- 0.05 0.005 +/- 0.004   
  TBI 32 10 9 0.74 +/- 0.06 0.022 +/- 0.016   
MO MFT 17 13 5 0.57 +/- 0.13 0.059 +/- 0.036   
 
SPE 2 0 1 0.00 0.00 
 
 
VAL 3 4 2 0.67 +/- 0.31 0.028 +/- 0.025 
 
 
CFA 20 7 7 0.83 +/- 0.05 0.006 +/- 0.004   
 
LNO 10 5 4 0.78 +/- 0.09 0.009 +/- 0.007   
  TBI 9 1 2 0.39 +/- 0.16 0.008 +/- 0.009   
BU EMA 11 0 1 0.00 0.000 
 
 
CFA 15 7 7 0.88 +/- 0.05 0.008 +/- 0.005   
 
LNO 12 7 2 0.41 +/- 0.13 0.016 +/- 0.010   
  TBI 12 1 2 0.48 +/- 0.11 0.010 +/- 0.010   
AN SPE 2 0 1 0.00 0.00 
 
 
EMA 2 3 2 1.00 +/- 0.50 0.056 +/- 0.064 
 
 
VAL 5 3 2 0.60 +/- 0.17 0.019 +/- 0.015 
 
 
CFA 15 8 8 0.73 +/- 0.12 0.005 +/- 0.004   
 
LNO 15 1 2 0.51 +/- 0.07 0.003 +/- 0.002   
  TBI 15 8 7 0.66 +/- 0.14 0.022 +/- 0.016   
GU MFT 6 5 5 0.93 +/- 0.12 0.029 +/- 0.022 
 
 
EMA 4 8 3 0.83 +/- 0.22 0.080 +/- 0.060 
 
 
CFA 21 17 14 0.92 +/- 0.05 0.009 +/- 0.006   
 
LNO 19 18 10 0.91 +/- 0.04 0.023 +/- 0.014   
  TBI 9 7 5 0.72 +/- 0.16 0.031 +/- 0.023   
DO SPE 2 0 1 0.00 0.00 
 
 
EMA 9 5 5 0.83 +/- 0.10 0.031 +/- 0.023 
 
 
CFA 10 3 4 0.53 +/- 0.18 0.003 +/- 0.003   
 
LNO 14 10 7 0.85 +/- 0.07 0.021 +/- 0.013   
  TBI 7 2 3 0.52 +/- 0.21 0.011 +/- 0.011   
MA SPE 2 1 2 1.00 +/- 0.50 0.025 +/- 0.035 
 
 
EMA 11 5 5 0.71 +/- 0.14 0.026 +/- 0.019   
 
VAL 4 42 4 1.00 +/- 0.18 0.225 +/- 0.151 
 
 
CFA 12 6 5 0.83 +/- 0.22 0.009 +/- 0.007   
 
LNO 14 19 11 0.96 +/- 0.04 0.035 +/- 0.020   
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  TBI 8 5 2 0.25 +/-  0.18 0.024 +/- 0.019   
SL EMA 5 2 3 0.70 +/- 0.22 0.015 +/- 0.015 
 
 
VAL 20 12 13 0.88 +/- 0.07 0.025 +/- 0.016   
 
CFA 21 15 11 0.78 +/- 0.09 0.007 +/- 0.005   
 
LNO 14 19 9 0.91 +/- 0.06 0.023 +/- 0.014   
  TBI 23 18 12 0.86 +/- 0.06 0.043 +/- 0.027   
SV EMA 9 4 4 0.58 +/- 0.18 0.019 +/- 0.016 
 
 
VAL 7 5 4 0.86 +/- 0.10 0.025 +/- 0.018 
 
 
CFA 26 26 12 0.92 +/- 0.03 0.028 +/- 0.015   
 
LNO 19 11 5 0.39 +/- 0.14 0.007 +/-  0.005   
  TBI 33 14 13 0.70 +/-  0.09 0.056 +/- 0.034   
GD VAL 3 59 3 1.00 +/- 0.27 0.418 +/- 0.317 
 
 
CFA 30 23 16 0.95 +/- 0.02 0.025 +/- 0.013   
 
LNO 27 10 5 0.68 +/- 0.06 0.025 +/- 0.014   
  TBI 15 2 2 0.53 +/- 0.05 0.020 +/- 0.016   
BA SPE 9 8 2 0.50 +/- 0.13 0.100 +/- 0.063 
 
 
EMA 14 3 4 0.71 +/- 0.08 0.022 +/- 0.017   
 
VAL 20 54 12 0.94 +/- 0.03 0.075 +/- 0.041   
 
CFA 29 9 10 0.53 +/- 0.11 0.003 +/- 0.003   
 
LBA 26 11 10 0.87 +/- 0.06 0.009 +/- 0.006   
 
TBI 21 4 4 0.63 +/- 0.07 0.030 +/- 0.021   
TR CFA 26 7 6 0.47 +/- 0.12 0.003 +/- 0.002   
VE CFA 7 14 6 0.95 +/- 0.09 0.027 +/- 0.017 
 
MEX SPE 5 28 3 0.80 +/- 0.16 0.405 +/- 0.255   
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Table 4. Pairwise differences (FST values) between pairs of sampled island populations of 
Margarops fuscatus. Bold values indicate significant difference between populations (P < 
0.05). Island acronyms: PR, Guanica Forest, Puerto Rico; BVI, Guana, British Virgin 
Islands; SK, St. Kitts; NE, Nevis; MO, Montserrat; GU, Guadeloupe. 
  PR BVI SK NE MO GU 
PR - 
     BVI 0.46 - 
    SK 0.38 -0.03 - 
   NE 0.40 0.00 -0.11 - 
  MO 0.59 -0.01 0.03 0.08 - 
 GU 0.77 0.57 0.44 0.54 0.64 - 
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Table 5. Pairwise differences (FST values) between pairs of sampled island populations of 
Setophaga petechia. Bold values indicate significant difference between populations (P < 
0.05). Island acronyms: CY, Grand Cayman; JA, Jamaica; PR, Boqueron, Puerto Rico; 
SK, St. Kitts; NE, Nevis; BA, Barbados; MEX, Mexico. 
  CY JA PR SK NE BA MEX 
CY - 
     
 
JA 0.00 - 
    
 
PR 0.78 0.78 - 
   
 
SK 1.00 1.00 0.14 - 
  
 
NE 0.75 0.75 0.00 0.02 - 
 
 
BA 0.46 0.46 0.50 0.67 0.45 -  
MEX 0.54 0.54 0.61 0.72 0.62 0.54 - 
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Table 6. Pairwise differences (FST values) between pairs of sampled island populations of Coereba flaveola. Bold values indicate 
significant difference between populations (P < 0.05). Island acronyms: BH, Eleuthera, Bahamas; LC, Little Cayman; CB, Cayman 
Brac; JA, Jamaica; DR, Dominican Republic, Hispaniola; EY, El Yunque, Puerto Rico; GF, Guanica Forest, Puerto Rico; BVI, Guana, 
British Virgin Islands; SM, St. Martin; SK, St. Kitts; NE, Nevis; BU, Barbuda; AN, Antigua; MO, Montserrat; GU, Guadeloupe; DO, 
Dominica; MA, Martinique; SL, St. Lucia; BA, Barbados; SV, St. Vincent; GD, Grenada; TR, Trinidad; VE, Venezuela. 
  BH LC CB JA DR EY GF BVI SM SK NE BU AN MO GU DO MA SL BA SV GD TR 
BH - 
                     
LC 0.99 - 
                    
CB 0.99 0.10 - 
                   
JA 0.96 0.85 0.84 - 
                  
DR 0.98 0.94 0.92 0.81 - 
                 
EY 0.97 0.97 0.97 0.95 0.96 - 
                
GF 0.98 0.99 0.98 0.96 0.98 0.04 - 
               
BVI 0.97 0.98 0.97 0.95 0.97 0.84 0.89 - 
              
SM 0.99 0.99 0.99 0.95 0.98 0.87 0.93 0.03 - 
             
SK 0.98 0.99 0.98 0.96 0.98 0.88 0.93 0.06 0.07 - 
            
NE 0.98 0.99 0.99 0.96 0.98 0.88 0.93 0.06 0.08 0.01 - 
           
BU 0.98 0.99 0.99 0.95 0.98 0.86 0.92 0.05 0.07 0.09 0.10 - 
          
AN 0.99 0.99 0.99 0.95 0.98 0.87 0.93 0.01 0.02 0.02 0.03 0.02 - 
         
MO 0.98 0.99 0.99 0.95 0.98 0.87 0.93 0.07 0.06 0.06 0.08 0.13 0.05 - 
        
GU 0.98 0.99 0.98 0.95 0.97 0.86 0.92 0.02 0.04 0.05 0.02 0.03 0.01 0.06 - 
       
DO 0.99 1.00 0.99 0.95 0.98 0.86 0.93 0.00 0.03 0.05 0.06 0.07 0.03 0.05 0.00 - 
      
MA 0.99 1.00 0.99 0.94 0.98 0.84 0.92 0.02 0.10 0.08 0.11 0.06 0.07 0.10 0.01 0.10 - 
     
SL 0.98 0.99 0.99 0.95 0.98 0.87 0.93 0.02 0.01 0.02 0.03 0.01 0.03 0.05 0.00 0.00 0.03 - 
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BA 0.99 0.99 0.99 0.96 0.98 0.90 0.95 0.37 0.54 0.49 0.51 0.51 0.54 0.52 0.45 0.57 0.57 0.48 - 
   
SV 0.95 0.96 0.95 0.93 0.94 0.80 0.85 0.70 0.73 0.75 0.76 0.70 0.71 0.72 0.71 0.69 0.64 0.72 0.77 - 
  
GD 0.95 0.96 0.95 0.93 0.95 0.80 0.84 0.69 0.72 0.74 0.75 0.69 0.70 0.72 0.71 0.69 0.64 0.71 0.77 0.11 - 
 
TR 0.99 0.99 0.99 0.96 0.98 0.93 0.96 0.93 0.97 0.96 0.96 0.96 0.97 0.96 0.95 0.97 0.97 0.96 0.97 0.88 0.89 - 
VE 0.97 0.98 0.98 0.93 0.96 0.87 0.93 0.88 0.92 0.92 0.92 0.89 0.91 0.91 0.89 0.90 0.84 0.91 0.94 0.81 0.82 0.69 
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Table 7. Pairwise differences (FST values) between pairs of sampled island populations of 
Loxigilla noctis. Bold values indicate significant difference between populations (P < 
0.05). Island acronyms: SK, St. Kitts; NE, Nevis; MO, Montserrat; BU, Barbuda; AN, 
Antigua; GU, Guadeloupe; DO, Dominica; MA, Martinique; SL, St. Lucia; SV, St. 
Vincent; GD, Grenada. 
  SK NE MO BU AN GU DO MA SL SV 
SK - 
         NE 0.02 - 
        MO 0.22 0.28 - 
       BU 0.24 0.29 0.17 - 
      AN 0.23 0.32 0.15 0.23 - 
     GU 0.24 0.26 0.15 0.09 0.20 - 
    DO 0.35 0.38 0.24 0.22 0.31 0.07 - 
   MA 0.54 0.55 0.39 0.27 0.48 0.32 0.39 - 
  SL 0.76 0.77 0.67 0.57 0.74 0.56 0.62 0.12 - 
 SV 0.90 0.91 0.88 0.83 0.91 0.79 0.82 0.66 0.74 - 
GD 0.76 0.76 0.69 0.63 0.73 0.65 0.67 0.43 0.48 0.23 
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Table 8. Pairwise differences (FST values) between pairs of sampled island populations of Tiaris bicolor. Bold values indicate 
significant difference between populations (P < 0.05). Island acronyms: JA, Jamaica; DR, Dominican Republic, Hispaniola; EY, El 
Yunque, Puerto Rico; GF, Guanica Forest, Puerto Rico; BVI, Guana, British Virgin Islands; NE, Nevis; SK, St. Kitts; MO, 
Montserrat; BU, Barbuda; AN, Antigua; GU, Guadeloupe; DO, Dominica; MA, Martinique; SL, St. Lucia; SV, St. Vincent; GD, 
Grenada; BA, Barbados. 
  JA DR EY GF BVI NE SK MO BU AN GU DO MA SL SV GD BA  
JA - 
               
  
DR 0.12 - 
              
  
EY 0.43 0.46 - 
             
  
GF 0.44 0.47 0.00 - 
            
  
BVI 0.46 0.54 0.04 0.09 - 
           
  
NE 0.50 0.58 0.06 0.12 0.00 - 
          
  
SK 0.51 0.61 0.05 0.11 0.00 0.00 - 
         
  
MO 0.48 0.62 0.09 0.08 0.00 0.00 0.00 - 
        
  
BU 0.51 0.65 0.17 0.12 0.01 0.00 0.00 0.00 - 
       
  
AN 0.47 0.55 0.01 0.08 0.00 0.01 0.00 0.00 0.05 - 
      
  
GU 0.37 0.39 0.01 0.08 0.07 0.07 0.06 0.07 0.12 0.00 - 
     
  
DO 0.45 0.56 0.02 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 - 
    
  
MA 0.44 0.50 0.00 0.06 0.04 0.03 0.01 0.04 0.12 0.00 0.00 0.00 - 
   
  
SL 0.46 0.51 0.02 0.09 0.04 0.06 0.04 0.04 0.11 0.00 0.00 0.01 0.00 - 
  
  
SV 0.40 0.39 0.00 0.11 0.07 0.10 0.08 0.05 0.09 0.05 0.01 0.02 0.00 0.04 - 
 
  
GD 0.53 0.61 0.27 0.23 0.29 0.23 0.26 0.33 0.37 0.20 0.04 0.29 0.13 0.12 0.09 -   
BA 0.45 0.49 0.44 0.42 0.46 0.48 0.49 0.49 0.52 0.46 0.40 0.46 0.44 0.45 0.36 0.54 -  
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Table 9. Pairwise differences (FST values) between pairs of sampled island populations of 
Elaenia martinica. Bold values indicate significant difference between populations (P < 
0.05). Island acronyms: CB, Cayman Brac; LC, Little Cayman; GF, Guanica Forest, 
Puerto Rico; BVI, Guana, British Virgin Islands; SK, St. Kitts; NE, Nevis; BU, Barbuda; 
GU, Guadeloupe; DO, Dominica; MA, Martinique; SL, St. Lucia; BA, Barbados; SV, St. 
Vincent. 
  CB LC GF SK NE BU DO MA SL BA SV 
LC 0.00 - 
         GF 0.99 0.99 - 
        SK 0.96 0.94 0.54 - 
       NE 0.96 0.94 0.27 0.17 - 
      BU 0.99 1.00 0.01 0.57 0.30 - 
     DO 0.97 0.96 0.77 0.18 0.27 0.80 - 
    MA 0.98 0.97 0.82 0.20 0.39 0.84 0.31 - 
   SL 0.99 0.99 0.89 0.44 0.53 0.93 0.58 0.72 - 
  BA 0.98 0.97 0.87 0.76 0.44 0.89 0.82 0.85 0.85 - 
 SV 0.98 0.99 0.92 0.80 0.75 0.94 0.86 0.88 0.90 0.89 - 
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Table 10. Pairwise differences (FST values) between pairs of sampled island populations 
of Vireo altiloquus. Bold values indicate significant difference between populations (P < 
0.05). Island acronyms: EY, El Yunque, Puerto Rico; SK, St. Kitts; NE, Nevis; BU, 
Barbuda; AN, Antigua; MA, Martinique; SL, St. Lucia; BA, Barbados; SV, St. Vincent. 
  EY SK NE AN MA SL BA SV 
EY - 
       SK 0.92 - 
      NE 0.92 0.00 - 
     AN 0.83 0.46 0.56 - 
    MA 0.65 0.59 0.61 0.13 - 
   SL 0.89 0.64 0.68 0.17 0.30 - 
  BA 0.81 0.40 0.42 0.01 0.09 0.00 - 
 SV 0.77 0.98 0.98 0.96 0.83 0.96 0.90 - 
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Table 11. Generalized linear model results with multiple regression estimates, t value, 
and P value for each species analyzed.  
Fu's FS Estimate t P 
Intercept 0.15 ± 1.66 0.09 0.92 
Coereba flaveola -4.55 ± 1.28 -3.55 0.00 
Setophaga petechia 0.85 ± 1.48 0.57 0.56 
Elaenia martinica -0.62 ± 1.40 -0.45 0.65 
Loxigilla noctis -0.31 ± 1.36 -0.23 0.81 
Margarops fuscatus 1.79 ± 1.70 1.05 0.29 
Tiaris bicolor -1.06 ± 1.28 -0.83 0.41 
Vireo altiloquus . . . 
Tajima's D       
Intercept -0.98 ± 0.49 -1.99 0.05 
Coereba flaveola -0.83 ± 0.38 -2.20 0.03 
Setophaga petechia 0.35 ± 0.44 0.79 0.43 
Elaenia martinica 0.30 ± 0.41 0.73 0.46 
Loxigilla noctis 0.48 ± 0.40 1.20 0.23 
Margarops fuscatus 0.87 ± 0.50 1.71 0.09 
Tiaris bicolor -0.10 ± 0.38 -0.26 0.79 
Vireo altiloquus . . . 
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Table 12. Phylogeographic breaks found for widespread sampled West Indian species, 
and time of divergence between groups of islands in thousands of years (95% confidence 
interval). * phylogeographic breaks detected by Ricklefs and Bermingham (2001), 
detected by Ricklefs and Bermingham (2007). 
Species Phylogeographic break between Divergence time 
Coereba flaveola St. Lucia - St. Vincent 678 (454 – 871) 
Elaenia martinica St. Lucia - St. Vincent 303 (172 – 458) 
Loxigilla noctis Dominica - Martinique 410 (249 – 563) 
Tiaris bicolor St. Lucia - St. Vincent 525 (299 – 757) 
Vireo altiloquus St. Lucia - St. Vincent 764 (442 – 1,033) 
Cichlherminia lherminieri* Guadeloupe - Dominica 
 
Margarops fuscus Dominica - Martinique 
 
Myadestes genibarbis  Dominica - Martinique 
 
Myiarchus oberi Dominica - Martinique 
 
Saltator albicollis* Dominica - Martinique   
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FIGURE LEGENDS 
Figure 1. Map of the West Indies. Highlighted in the square are the Lesser Antillean 
Islands, out of it are the Greater Antillean Islands and the Bahamas. Longitude (long) and 
latitude (lat) are indicated on the x and y axes, respectively.   
 
Figure 2. Consensus phylogenetic tree of pearly-eyed thrashers, Margarops fuscatus, 
sampled in the West Indies. Bayesian posterior values are above branch lines of tree, and 
Maximum likelihood support values are below lines. Island acronyms vide Table 1. Bird 
illustration modified from Raffaele et al. (2010). 
 
Figure 3. Median-joining haplotype network of pearly-eyed thrashers, Margarops 
fuscatus. Each circle represents a different haplotype, and each open dot indicates an 
unsampled haplotype (mutational steps). The grey rectangles also represent mutational 
steps between haplotypes, but in higher number, eight in the larger rectangle, and four in 
the smaller one. The size of the circle corresponds to the number of individuals that share 
that haplotype, as per circle size legend. Each island is represented by a different color 
(see Legend). Haplotypes island origins: H_1: SK, PR, NE, MO, BVI; H_2: SK, NE; H_3 
– H_4: SK, BVI; H_5: SK, GU; H_6 – H_7: GF; H_8: GF, MO, BVI, BU; H_9 – H_10: 
GF; H_11 – 13: MO; H_14 – H_17: GU; H_18: BVI.  
 
Figure 4. Consensus phylogenetic tree and median-joining haplotype network of yellow 
warblers, Setophaga petechia, sampled in the West Indies. Bayesian posterior values are 
above branch lines of tree, and Maximum likelihood support values are below lines. 
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Island acronyms vide Table 1. In haplotype network, each circle represents a different 
haplotype, and each open dot indicates an unsampled or ancestral haplotype state. The 
size of the circle corresponds to the number of individuals that share that haplotype, as 
per circle size legend. Each island is represented by a different color (see Legend). 
Haplotypes island origins: H_1: SK, RB, NE, AN, BA; H_2 – H_3: RB; H_4: NE; H_5: 
NE, BA, DO, MA; H_6: MO; H_7: GC, JA; H_8: MA; H_9: DR; H_10: BU. Bird 
illustration modified from Raffaele et al. (2010). 
 
Figure 5. Consensus phylogenetic tree and median-joining haplotype network of 
bananaquits, Coereba flaveola, sampled in the West Indies. Bayesian posterior values are 
above branch lines of tree, and Maximum likelihood support values are below lines. In 
haplotype network, each circle represents a different haplotype, and each open dot 
indicates an unsampled or ancestral haplotype state. The size of the circle corresponds to 
the number of individuals that share that haplotype, as per circle size legend. Each island 
is represented by a different color (see Legend). Figures from Pil et al. (Chapter 1) and 
bird illustration modified from Raffaele et al. (2010). 
 
Figure 6. Phylogenetic tree of Loxigilla species. Upper node values represent Bayesian 
posterior probability, and lower node values represent Maximum Likelihood bootstrap 
values. Red rectangle encompasses L. noctis and the back rectangle within it, L. 
barbadensis. Figure from Pil & Ricklefs (Chapter 2) and bird illustration modified from 
Raffaele et al. (2010). 
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Figure 7. Consensus phylogenetic tree and median-joining haplotype network of Lesser 
Antillean bullfinches, Loxigilla noctis, sampled in the West Indies. Bayesian posterior 
values are above branch lines of tree, and Maximum likelihood support values are below 
lines. Branch tips are colored according to island where individual was collected as per 
legend. In haplotype network, each circle represents a different haplotype, and each open 
dot indicates an unsampled or ancestral haplotype state. The size of the circle corresponds 
to the number of individuals that share that haplotype, as per circle size legend. Each 
island is represented by a different color (see Legend). Figures from Pil & Ricklefs 
(Chapter 2). 
 
Figure 8. Consensus phylogenetic tree of grassquits, Tiaris bicolor, sampled in the West 
Indies. Bayesian posterior values are above branch lines of tree, and Maximum likelihood 
support values are below lines. Branch tips are colored according to island where 
individual was collected as per legend. Island acronyms vide Table 1. Bird illustration 
modified from Raffaele et al. (2010).  
 
Figure 9. Haplotype network of grassquit individuals, Tiaris bicolor. Each circle 
represents a different haplotype, and each open dot indicates an unsampled or ancestral 
haplotype state. The size of the circle corresponds to the number of individuals that share 
that haplotype, as per circle size legend. Each island is represented by a different color 
(see Legend). Haplotypes island origins: H_1 – H_12: JA; H_13 – H_16: DR; H_17: EY; 
H_18: EY, GF, BVI, NE, SK, MO, BU, AN, GU, DO, MA, SL, SV, GD, BA; H_19: EY, 
GF; H_20: EY; H_21: GF; H_22: GF, NE, SK, MO, BU, AN, DO; H_23 – H_28: GF; 
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H_29: GF, BVI, NE, AN; H_30: GF; H_31, BVI; H_32: NE; H_33: NE, SV, GD; H_34: 
NE; H_35: NE, AN; H_36: NE, SK; H_37: NE, SV; H_38 – H_39: SK, H_40 – H_42: 
AN; H_43: GU; H_44: GU, DO, SV; H_45: MA; H_46: SL; H_47: SL; H_48 – H_56: 
SV; H_57 – H_59: BA. 
 
Figure 10. Consensus phylogenetic tree of Caribbean elaenias, Elaenia martinica, 
sampled in the West Indies. Bayesian posterior values are above branch lines of tree, and 
Maximum likelihood support values are below lines. Island acronyms vide Table 1. Bird 
illustration modified from Raffaele et al. (2010). 
 
Figure 11. Haplotype network of Caribbean elaenia individuals, Elaenia martinica. Each 
circle represents a different haplotype, and each open dot indicates an unsampled 
haplotype (mutational steps). The grey rectangles also represent a group of 21 mutational 
steps between haplotypes. The size of the circle corresponds to the number of individuals 
that share that haplotype, as per circle size legend. Each island is represented by a 
different color (see Legend). Haplotype islands origin: H_1: AN, GU, DO; H_2: GF, 
BVI, SK, NE, BU, AN; H_3: BA, GU; H_4 – H_6: BA; H_7: LC, CB; H_8: CB; H_9: 
DO; H_10: SK, NE, DO; H_11 – H_12: DO; H_13: GF; H_14: SK, NE, GU, MA; H_15 
– H_18: MA; H_19: MO; H_20 – H_21: NE; H_22 – H_24: SL; H_25 – H_28:SV. 
 
Figure 12. Consensus phylogenetic tree of black-whiskered vireos, Vireo altiloquus, 
sampled in the West Indies. Bayesian posterior values are above branch lines of tree, and 
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Maximum likelihood support values are below lines. Island acronyms vide Table 1. Bird 
illustration modified from Raffaele et al. (2010). 
 
Figure 13. Haplotype network of black-whiskered vireos, Vireo altiloquus. Each circle 
represents a different haplotype, and each open dot indicates an unsampled or ancestral 
haplotype state. The size of the circle corresponds to the number of individuals that share 
that haplotype, as per circle size legend. Each island is represented by a different color 
(see Legend). Haplotypes island origins: H_1: SK, NE, AN, BA; H_2: SK, NE, H_3: NE, 
H_4: SK, H_5: SL, MO, AM, BA, SL; H_6: NE, H_7 – 9: MA; H_10: MO; H_11 – 17: 
BA; H_18 – 19: BA, SL; H_20 – 29: SL; H_30: GD.  
 
Figure 14. Bathymetric map of Lesser Antilles, showing -100 m isobath line around 
islands (in black), and decreasing -100 m isobaths. In grey are the current shapes of the 
islands. 
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Figure 1. 
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APPENDIX A – Supplemental Figures. 
Supplemental Fig. 1. Mismatch Distribution graphs of Margarops fuscatus populations in 
the West Indies. Smooth unimodal graphs indicate population expansion, black lines 
indicate observed pairwise difference values, and dashed lines indicate expected values 
under a population expansion model.  
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Supplemental Fig. 2. Mismatch Distribution graphs of Setophaga petechia populations in 
Nevis. Black lines indicate observed pairwise difference values, and dashed lines indicate 
expected values under a population expansion model.  
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Supplemental Fig. 3. Mismatch Distribution graphs of Coereba flaveola populations in 
the Greater Antillean islands. Smooth unimodal graphs indicate population expansion, 
black lines indicate observed pairwise difference values, and dashed lines indicate 
expected values under a population expansion model.
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Supplemental Fig. 4. Mismatch Distribution graphs of Coereba flaveola populations in 
the Lesser Antillean islands. Smooth unimodal graphs indicate population expansion, 
black lines indicate observed pairwise difference values, and dashed lines indicate 
expected values under a population expansion model.. 
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Supplemental Fig. 5. Mismatch Distribution graphs of Loxigilla noctis populations in the 
West Indies. Smooth unimodal graphs indicate population expansion, black lines indicate 
observed pairwise difference values, and dashed lines indicate expected values under a 
population expansion model. Because St. Kitts and Nevis have the same number of 
segregating sites and haplotypes and are virtually genetically identical populations, their 
mismatch graphs were identical, and are presented here as a single graph.  
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Supplemental Fig. 6. Mismatch Distribution graphs of populations of Loxigilla 
barbadensis and L. portoricensis. Smooth unimodal graphs indicate population 
expansion, black lines indicate observed pairwise difference values, and dashed lines 
indicate expected values under a population expansion model. 
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Supplemental Fig. 7. Mismatch Distribution graphs of populations of Tiaris bicolor in the 
West Indies. Smooth unimodal graphs indicate population expansion, black lines indicate 
observed pairwise difference values, and dashed lines indicate expected values under a 
population expansion model. 
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Supplemental Fig. 8. Mismatch Distribution graphs of populations of Elaenia martinica 
in the West Indies. Smooth unimodal graphs indicate population expansion, black lines 
indicate observed pairwise difference values, and dashed lines indicate expected values 
under a population expansion model. 
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Supplemental Fig. 9. Mismatch Distribution graphs of populations of Vireo altiloquus in 
the West Indies. Smooth unimodal graphs indicate population expansion, black lines 
indicate observed pairwise difference values, and dashed lines indicate expected values 
under a population expansion model.  
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Supplemental Fig. 10. Fu’s FS values (FS) per island population for each widespread 
species sampled in the West Indies. Island acronyms: ELE: Eleuthera, Bahamas; GC, 
Grand Cayman; LC, Little Cayman; CB, Cayman Brac; JA, Jamaica; DR, Dominican 
Republic, Hispaniola; PR, Puerto Rico; BVI, Guana, British Virgin Islands; SM, St. 
Martin; SK, St. Kitts; NE, Nevis; MO, Montserrat; BU, Barbuda; AN, Antigua; GU, 
Guadeloupe; DO, Dominica; MA, Martinique; SL, St. Lucia; BA, Barbados; SV, St. 
Vincent; GD, Grenada. 
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Supplemental Fig. 11. Tajima’s D values per island population for each widespread 
species sampled in the West Indies. Island acronyms: ELE: Eleuthera, Bahamas; GC, 
Grand Cayman; LC, Little Cayman; CB, Cayman Brac; JA, Jamaica; DR, Dominican 
Republic, Hispaniola; PR, Puerto Rico; BVI, Guana, British Virgin Islands; SM, St. 
Martin; SK, St. Kitts; NE, Nevis; MO, Montserrat; BU, Barbuda; AN, Antigua; GU, 
Guadeloupe; DO, Dominica; MA, Martinique; SL, St. Lucia; BA, Barbados; SV, St. 
Vincent; GD, Grenada.
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Supplemental Fig. 12. Map of east West Indies showing where phylogenetic breaks 
occurred for widespread species indicated by the horizontal lines colored per species. 
Length of the line corresponds to time of divergence (in thousands of years, ky) between 
pairs of island populations.  
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APPENDIX B – Supplemental Table 
Table S1. Indices of pairwise distance demographic analyses: Tajima’s D, Fu’s FS, Sum 
of Squared Deviations (SSD), raggedness indices (r), mismatch distribution analysis 
(MDA), the tau parameter (τ) and time since expansion (in years) including confidence 
intervals. MDA is shown in a categorical fashion, where m indicates multimodal graphs, 
and u, unimodal ones. Bold cells indicate statistically significant values (P < 0.05). Cells 
are empty where analyses could not be performed because of sample size <10. NA = not 
applicable. 
island species D FS SSD  r MDA Tau expansion_time 
ELE CFA -1.54 -1.70 0.01 0.12 m     
GC SPE               
LC EMA               
  CFA -0.68 -0.24 0.00 0.54 NA     
CB EMA -0.49 0.04 0.31 0.36 NA     
  CFA -0.37 -1.84 0.01 0.11 u     
JA SPE               
 
CFA -0.55 -4.15 0.04 0.79 m     
  TBI -1.01 -5.30 0.03 0.09 m     
DR CFA -1.52 -4.90 0.00 0.01 u 1.845 54,435 (0 - 155,353) 
  TBI -0.31 -1.16 0.19 0.61 NA     
PR (RB) SPE               
PR (EY) VAL -1.73 6.23 0.39 0.46       
 
CFA -1.50 -6.90 0.17 0.02 m     
 
LPO -0.94 -2.01 0.02 0.08 m     
 
TBI -1.05 -1.94 0.09 0.43 NA     
PR (GF) MFT -0.60 1.20 0.08 0.18 m NA NA 
 
EMA -1.11 -0.34 0.33 0.40 NA     
 
CFA -2.25 -13.07 0.00 0.05 u 1.850 54,435 (25,843 - 80,466) 
  TBI -2.06 -5.20 0.01 0.05 u 1.953 70,199 (2,804 - 132,958) 
BVI MFT 1.13 3.79 0.13 0.18 m NA NA 
 
EMA               
 
CFA -1.38 8.13 0.03 0.79 NA     
  TBI -0.82 0.68 0.17 0.68 m     
SM CFA -0.77 0.10 0.02 0.13 m     
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SK MFT               
 
SPE               
 
EMA 1.71 2.98 0.10 0.34 m     
 
VAL -1.56 -0.80 0.01 0.15 u 0.602 23,644 (0 - 48,544) 
 
CFA -1.22 -5.73 0.07 0.27 u 1.844 54,153 (25,696 - 79,203) 
 
LNO 0.99 1.84 0.00 0.04 m     
  TBI -1.92 -1.99 0.22 0.09 m     
NE MFT               
 
SPE -1.90 1.73 0.04 0.29 u 3.000 97,266 (14,816 - 118,600) 
 
EMA -0.26 -0.03 0.02 0.07 m     
 
VAL -0.03 -0.03 0.02 0.18 m     
 
CFA -1.09 -3.62 0.01 0.11 u 1.484 43,581 (23,523 - 65,195) 
 
LNO 0.43 1.32 0.01 0.12 m     
  TBI -1.17 0.14 0.03 0.18 u 0.938 33,715 (0 - 72,931) 
MO MFT -0.40 2.00 0.08 0.18 m NA NA 
 
SPE               
 
VAL 0.00 2.02 0.37 1.00       
 
CFA -0.86 -2.21 0.01 0.09 u     
 
LNO -0.28 0.17 0.01 0.06 m     
  TBI 0.33 0.54 0.01 0.20 NA     
BU EMA               
 
CFA -0.61 -2.23 0.00 0.07 u     
 
LNO 0.92 5.69 0.23 0.68 NA     
  TBI 1.19 1.02 0.02 0.26 NA     
AN SPE               
 
EMA               
 
VAL 1.57 2.43 0.30 0.88       
 
CFA -2.08 -5.73 0.01 0.12 u 1.600 46,987 (0 - 66,076) 
 
LNO 1.38 1.25 0.03 0.27 NA     
  TBI -1.73 -1.78 0.03 0.14 u 0.691 78,682 (0 - 78,682) 
GU EMA               
 
CFA -2.11 -11.18 0.01 0.07 u 2.633 77,324 (4,933- 98,380) 
 
LNO -0.77 -1.74 0.01 0.02 m     
  TBI -0.76 -0.28 0.53 0.11 NA     
DO SPE               
 
EMA               
 
CFA -0.90 -1.47 0.00 0.07 u 0.977 28,691 (0 - 93,446) 
 
LNO 0.79 -0.25 0.03 0.06 m     
  TBI -1.24 -0.92 0.02 0.19 NA     
MA SPE               
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EMA -0.65 -1.20 0.01 0.07 m     
 
VAL -0.79 1.18 0.12 0.17       
 
CFA -0.79 0.46 0.09 0.31 m     
 
LNO 0.08 -3.08 0.06 0.08 m     
  TBI -1.60 2.41 0.09 0.69 NA     
SL EMA               
 
VAL -1.12 -8.52 0.01 0.05 m     
 
CFA -2.25 -7.19 0.01 0.08 u 1.375 40,380 (10,778 - 69,512) 
 
LNO -1.38 -2.12 0.01 0.04 m     
  TBI -0.61 2.28 0.16 0.37 m     
SV EMA               
 
VAL 0.83 0.20 0.04 0.12       
 
CFA -2.07 -0.51 0.00 0.03 m     
 
LNO -2.17 -0.61 0.00 0.16 u 3.000 97,990 (0 - 116,096) 
  TBI -0.49 -3.95 0.56 0.05 m     
GD VAL 0.00 2.56 0.28 0.44       
 
CFA -0.05 -3.54 0.01 0.01 m     
 
LNO 2.28 4.38 0.12 0.20 m     
  TBI 1.84 2.70 0.20 0.78 m     
BA SPE               
 
EMA 0.75 -0.06 0.02 0.09 m     
 
VAL -2.16 -1.31 0.02 0.05 u 3.344 131,338 (53,375 - 174,894) 
 
CFA -2.10 -8.93 0.00 0.07 u 0.820 24,128 (0 – 52,567) 
 
LBA -1.12 -4.33 0.00 0.06 u 1.783 58,245 (28,239 - 94,419) 
 
TBI 1.10 1.12 0.08 0.25 m     
TR CFA -1.93 -3.08 0.01 0.13 u 0.609 17,949 (176 - 36,297) 
VE CFA               
MEX SPE               
 
 
 
 
 
 
